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ABSTRACT 

A new method has been demonstrated for the synthesis of monolithic ceramic and 

purely metallic aerogels from xerogel powder compacts, and the use of polyurethane 

aerogels based on cyclodextrins as efficient desiccants.  

I. Highly porous (>80%) monolithic SiC and Si3N4, aerogels were prepared from 

compressed compacts of polyurea-crosslinked silica xerogel powders. The process is time 

efficient as solvent-exchange through powders is fast, and energy efficient as it bypasses 

drying with supercritical fluids. The final ceramic objects were chemically pure, sturdy, 

with compressive moduli at 37 ± 7 MPa and 59 ± 7 MPa, and thermal conductivities at 0.163 

± 0.010 W m-1 K-1 and 0.070 ± 0.001 W m-1 K-1, for SiC and Si3N4, respectively.  

II. Monolithic metallic Co(0) aerogels, synthesized from polyurea-crosslinked cobaltia 

xerogel powder compacts, were porous (69% v/v) and extremely sturdy (compressive 

modulus at 688 ± 10 MPa). They were infiltrated with molten LiClO4, and were ignited with 

a hot NiCr wire. The temperature during combustion reached 1515 oC. The heat released (-

55.17 ± 2.01 kcal mol-1) was near the theoretical value for the reaction:  

4 Co + LiClO4 ----> 4 CoO + LiCl (-58.5 kcal mol-1).  

III. Polyurethane (PU) aerogels are low-density hierarchical nano-structured solids with 

high open nanoporosity, and high surface areas. Using α- and β-cyclodextrin (CD) as 

polyols, an aromatic triisocyanate and dibutyltin dilaurate (DBTDL) as a catalyst we 

obtained hyperbranched CD-based polyurethane aerogels (α- and β-CDPU-xx). Those 

materials show high water uptake capacities (108% w/w with α-CDPU-2.5) and can be 

reused multiple times by regeneration at room temperature by changing the relative 

humidity of the environment.  
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1. INTRODUCTION 

1.1. AEROGELS 

Aerogels are a unique material that possess extremely low density (about 1000 

times less dense than glass), high porosity (contain up to 99% v/v air),1-6 high surface area 

(>500 m2 g-1), extremely high pore volume (>2 cm3 g-1),7 low thermal conductivity, low 

sound velocity and high optical transparency. The set of those unique properties makes 

aerogels viable for numerous applications such as solar plate collectors,8-9 Cherenkov 

counters,10 battery separators,11 materials for life jackets,12 additives to drilling fluids,13 

catalysts, and catalyst supports,14-15 energy materials,16-18 ceramics19-21 etc. 

The question at this point is how do you make those unique materials? Aerogels are 

made via a sol-gel process,22 which involves the mixing of appropriate precursors in a 

suitable solvent, usually in the presence of a catalyst. That mixture of solutions is called a 

‘sol’, which solidifies or gels to give a wet-gel. A wet-gel is a nanostructured porous solid-

network that forms in a liquid reaction medium by a polymerization process and thus a 

wet-gel contains solvent in its pores. The wet-gel is then aged for certain amount of time 

(ageing) and then dried to remove the solvent from pores. Drying of solvent by a simple 

evaporation method creates a liquid-vapor meniscus at the exit of the gel pores exerting the 

pressure on the pore walls due to surface tension of the liquid. That leads to an extensive 

shrinkage of the wet-gel (up to 30% of its initial volume23) and a dried solid network with 

collapsed pores, referred to as xerogel. The term xerogel is defined by IUPAC as an “open 

network formed by the removal of all swelling agents from a gel”,24 and was first 

introduced by Freundlich to designate shrinking (or swelling) gels.25 So, to retain the “dry 

solid skeleton” of the initial wet material (wet-gel), there is a special drying technique, 
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known as a supercritical fluid drying which allows to replace the liquid in the pores with a 

gas and thus minimizes the shrinkage. This drying technique was first applied by Kistler 

who introduced the term aerogel in 1932. According to Kistler, aerogels can be described 

as “gels in which the liquid has been replaced by air, with very moderate shrinkage of the 

solid network.”26 He worked with silica aerogels extensively. These inorganic aerogels 

were first prepared by Ebelmen in 1846, by exposure to the atmosphere of a silane obtained 

from SiCl4 and ethanol.27  Since then, silica aerogels have been the most studied type of 

inorganic materials and numerous literature can be found about their chemistry, properties 

and applications.28 Figure 1.1 summarizes the formation of a wet-gel via a sol-gel method, 

and drying of a wet-gel by two different methods to yield either an aerogel or a xerogel, 

specifying the key properties of those two materials. The pictures shows a typical silica 

aerogel and a xerogel. The latter is obtained from ambient pressure drying. 

 

 

 

 

 

 
 
 

Figure 1.1. The schematic representation of preparation of aerogel versus xerogel by sol-
gel method.  

 

Evaporation 
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Over the years, tremendous amount of research has been carried out on several 

other kinds of non-silica inorganic aerogels such as rare earth metal oxide,29 and 

chalcogenide aerogels.30 A number of organic aerogels have also been introduced such as 

resorcinol formaldehyde (RF),31 polybenzoxazine (PBO),32 polydicyclopentadiene (p-

DCPD),33 and poly methyl methacrylate (PMMA) aerogels.34 Recently, new types of 

aerogels have been added to the library of known aerogels. Carbon nanotubes,35 

graphene,36 and silicon carbide37 aerogels are few of those. 

To summarize, aerogels are chemically identical to the bulk form of the skeletal 

material but posses many dramatically enhanced materials properties over the dense (non-

porous) form of the same substance (e.g., substantially increased surface area and low 

thermal conductivity). The low densities of aerogels are due to their nanostructures that 

consist of 3D assemblies of nanoparticles. However, along with the low density and high 

porosity of aerogels, lies an issue of fragility and poor mechanical properties. The problem 

of fragility has been addressed before by Leventis et. al. group by introducing Polymer-

crosslinked Aerogels.38 Moreover, the use of supercritical drying makes the overall process 

costly, particularly at a commercial level. Making Aerogels from Xerogels by bypassing 

the supercritical drying offers a solution, which has been demonstrated here with ceramic 

and pure metallic aerogels.  

1.1.1. Polymer-crosslinked Aerogels. Silica aerogels consist of a pearl-necklace-

like skeletal framework and the interparticle neck of such structures is the weakest point, 

leading to the fragility of those aerogels. During ageing of those wet-gels, Ostwald ripening 

takes place, which is a dissolution and reprecipitation of silica at surfaces with negative 

curvature i.e. at the interparticle neck.39 Clearly, longer ageing time can lead to relatively 
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stronger silica aerogels. However, that increase in strength is obtained at the expense of the 

skeletal nanoparticles’ density. A new approach to reduce the fragility of those aerogels is 

compounding the skeleton with an organic polymer by crosslinking the surface functional 

groups of silica with an isocyanate.40 This forms a coating of polymer on the entire skeletal 

framework and reinforces the interparticle necks without compromising much the density. 

The resulting materials have been referred to as X-aerogels. The mechanical strength of X-

aerogels was reported to be increased by 300 times for a nominal increase in density by 

only a factor of 3.40 A variety of different chemistries, other than using isocyanate, can be 

carried out to crosslink the skeletal particles with polymers e.g., epoxy resins,41 

polystyrene,40c poly methyl methacrylate,40d polyacrylonitrile.34 

An added advantage of thos cross-linked polymers is that they can act as sources of 

carbon to perform carbothermal reduction provided that the polymer contains enough 

carbonizable carbon. One such example of carbonizable polymer is tris(4-

isocyanatophenyl)methane (TIPM) derived polyurea, which has 56% w/w carbonization 

yield.42 To incorporate that polymer coating on silica nanoparticles, the surface of silica is 

modified by an amine functionality by cogelation of (3-aminopropyl)triethoxysilane 

(APTES) with tetramethyl orthosilicate (TMOS).43 Those dangling -NH2 groups have been 

then utilized to react with a triisocyanate (TIPM) to form a coating of polyurea on silica 

network.40a,b Scheme 1.1 shows the synthesis of polymer-crosslinked silica aerogels (X-

silica or X-TMOS-co-APTES) in a step-wise manner.  

Not only amino groups but also adsorbed water can react with TIPM leading to 

increased amount of carbonizable carbon, which can be optimized as per stoichiometric 

requirement. In a similar fashion, metal-oxide aerogels can also be coated with polyurea, 
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which can be converted to pure metallic aerogels, mimicking the age-old smelting 

process.44   

 

 

 

 

 

 

. 

 

 

 

 

 

Scheme 1.1. Synthesis of polymer-crosslinked silica aerogels (X-silica). 

 

1.1.2. Aerogels from Xerogels. As discussed earlier, many aerogels exhibit 

fragility issue and are produced by methods that require a costly, time consuming 

supercritical fluid (SCF) extraction step. Those shortcomings have hampered 

commercialization. One solution could be the synthesis of aerogels from xerogels. The 

TMOS hydrolysis condensation 

TMOS-co-APTES X-silica 

APTES 
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proposed method has been utilized to fabricate SiC, Si3N4 and Co(0) aerogels and has the 

potential of extending to other ceramic or metallic aerogels.  

That method uses polymer-crosslinked xerogel powder compacts as the ceramic 

precursors, rather than monolithic polymer-crosslinked aerogels. It takes into consideration 

the topology of the carbothermal reactions, and for porosity it relies on the void space 

created by carbon reacting away during pyrolysis. That allows making aerogels from 

xerogels. Moreover, the compact structure provided by xerogels plays a vital role in an 

efficient utilization of the material. That can be explained by considering the topology of 

the reaction between SiO2 and C (Scheme 1.2). The mechanism of formation of SiC and 

Si3N4 starts with the common preliminary reaction of SiO2 with C at the interface of C-on-

SiO2 particle producing SiO and CO gases. The generated in-situ CO diffuses through 

another particle of C-on-SiO2 and eventually reacts with SiO2 as in Scheme 1.2. If the CO 

gas encounters the pores in an aerogel precursor, however it will escape and thus the 

resulting ceramic aerogel would end up with unreacted silica in it. However, the 

compactness of the xerogel assembly forces the CO gas always through C-on-SiO2 

interface. Figure 1.2 shows the topology of the reaction between SiO2 and C, release of CO 

gas, and efficient utilization of CO gas in a compact assembly. Moreover, realizing the 

importance of the close proximity between particles, the xerogel can be used in the form 

of powders, compression of which allows more room for compactness and introduces an 

added advantage of casting shaped compacts of any size by simply pressing the precursor 

xerogel powder in a suitable die, thus liberating synthesis of ceramic aerogels from the size 

of the autoclave. The use of xerogel powders clearly indicates the most efficient utilization 

of the carbonizable polymer. Indeed, as discussed in paper I, it was sufficient to work with 
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C:SiO2 ratios near the stoichiometric level to make pure SiC or Si3N4, while in the 

acrylonitrile-crosslinked silica aerogels methodology reported in the literature, that ratio 

had to be at least 2.5 times higher than the stoichiometric requirement.45  

 

 

 

Scheme 1.2. Common preliminary steps in the formation of SiC or Si3N4. 
 
 
 
 

 

 
 

Figure 1.2. Topology of formation of SiC or Si3N4. 
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In summary, the aerogel from xerogel powder methodology has certain distinct 

advantages: 

(a) Energy efficient: using xerogel bypasses supercritical fluid drying. 

(b) Time efficient: using powders allow faster solvent exchange within grains of 

powder.                                  

(c) Material efficient: almost stoichiometric utilization of the carbon due to the 

xerogel compactness. 

(d) Generalizable: gelation of any system can be diverted to powders by vigorous 

agitation. 

The proposed synthetic design can be extended to other refractory materials such 

as ZrC, HfC, ZrB2, HfB2 and several other metals such as Fe, Ni, Co, Cu, etc. Specifically 

for a system like Co, which resists or takes relatively longer time (about 10 days) to form 

gel, the proposed xerogel powder route is advantageous. In that regard, porous purely 

metallic Co(0) aerogel has been synthesized and is demonstrated as a thermite by filling 

the pores of Co(0) aerogel with perchlorate salt (Paper II). 

1.2.  ISOCYANATE CHEMISTRY 

The isocyanate group (-N=C=O) is a highly reactive electrophile due to the electron 

withdrawing ability of oxygen and nitrogen atoms attached to the carbon atom (Scheme 

1.3) That creates electron deficiency on this carbon atom making it available for a 

nucleophilic attack (Scheme 1.4).  Thus, the isocyanate group can reac with numerous 

compounds such as amines, alcohols, carboxylic acids, water, etc. The reactivity of the 

NCO depends on the type of groups attached on the nitrogen i.e. electron withdrawing or 
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electron donating groups. In that regard, the aromatic isocyanates are more reactive than 

aliphatic isocyanates.46  

 

 

Scheme 1.3. Possible resonance structures of the isocyanate group. 

 

 

 

Scheme 1.4. Nucleophilic attack on the isocyanate group. 

 

The rich chemistry of NCO group makes it an important precursor for the synthesis 

of many organic aerogels. Also, the isocyanate group can be used as a crosslinker for 

inorganic aerogels as discussed previously (Section 1.1.1). In this thesis, an aromatic 

triisocyanate (TIPM) has been used to crosslink silica and cobalt oxide to form polyurea 

coating on their skeletal networks, which are used to synthesize ceramic (Paper I) and 

purely metallic aerogels (Paper II), respectively. TIPM has also been used to form a 

hierarchical polyurethane aerogel by reacting the isocyanate with polyols: - and -

cyclodextrins (Paper III). 

1.2.1. Reaction of Isocyanate with Amine. The nucleophilic nitrogen of an amino 

group attacks the carbonyl carbon of NCO to form urea as shown below. This reaction is 

exothermic and occurs extremely fast. Scheme 1.5 represents the reaction of isocyanate 

with amine yielding urea. 

− 
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Scheme 1.5. Reaction of isocyanate with amines to form urea. 

          1.2.2. Reaction of Isocyanate with Water. The reaction of water with NCO 

proceeds via formation of unstable carbamic acid, which decomposes to amine and carbon 

dioxide. The amine generated in-situ then reacts with the unreacted isocyanate to form 

urea. The reaction is generally catalyzed by a small amount of amine such as triethylamine 

(Et3N). Scheme 1.6 represents the reaction of isocyanate with water yielding urea. 

 

Scheme 1.6. Reaction of isocyanate with water to form urea. 

            1.2.3. Reaction of Isocyanate with Alcohol. The reaction of alcohol with 

isocyanate is most commonly catalyzed by a tin-based catalyst dibutyltin dilaurate 

(DBTDL) to form urethane.  Scheme 1.7 represents the reaction of isocyanate with an 

alcohol yielding urethane. 
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Scheme 1.7. Reaction of isocyanate with alcohol to form urethane. 

 The third paper of this dissertation is based on hierarchical polyurethanes and thus 

they are discussed briefly below. 

1.3. POLYURETHANES 

 Polyurethanes (PUs) were discovered by Bayer and his coworkers in 1947. They 

reacted diisocyanates with polyester diols.47 Polyurethanes were used during World War II 

as coatings for aircraft48 but their use was limited. Early work on PUs was focused on fibers 

and flexible foams. With the commercialization of polyisocyanates in 1952, production of 

flexible polyurethane foam began in 1954 using toluene diisocyanate (TDI) and polyester 

polyols. Those materials were used to produce rigid foams, gum rubber and elastomers. 

Since then, this research on polyurethanes has grown very fast as various polyisocyanates 

and polyols became available, which allowed the synthesize of numerous kinds of 

polyurethanes for specialized applications.  

 The properties of polyurethanes can be altered by using various combinations of 

alcohols and isocyanates with different catalysts. Long, flexible segments, of polyols, give 

soft, elastic polymers. High amounts of crosslinking give tough or rigid polymers, while 

long chains and low crosslinking give polymers that are very flexible. Due to the 
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crosslinking present, PUs consist of three-dimensional networks of high molecular 

weights. 

 Polyurethanes are being used in medical devices, construction, adhesives, coatings, 

textiles, plastics, etc.49 Polyurethane foams in particular are useful in thermal insulation.50 

Because aerogels are also highly desirable for thermal insulation, polyurethane aerogels 

are a natural choice of interest.  

 1.3.1. Polyurethane Aerogels. The first cellulosic aerogels have been synthesized 

by Kistler in the 1930s with nitrocellulose51 while the first isocyanate and polyurethane-

based aerogels were reported in the 1990s by Tabor52 and by Biesman, Perrut and their co-

workers.53 

 In 2001, Tan et. al.54 reported cellulose aerogels crosslinked with toluene 

diisocyanate (TDI) with an impact strength ten times higher than that of resorcinol-

formaldehyde (RF) aerogels. Many such contributions were made in the area of 

polyurethane aerogels. In 2013, Leventis et. al. synthesized polyurethane aerogels from 

multifunctional small-molecules yet inexpensive monomers, allowing control of the onset 

of the phase separation, which is translated into control of the particle size, morphology, 

pore structure and ultimately the mechanical properties. Molecular parameters of interest 

included the molecular rigidity vs. flexibility of the isocyanate.55 

Other than studying the polyurethanes for thermal insulating properties and basic 

study of structure-property relationships, polyurethane aerogels are being synthesized for 

targeted applications. Recently, in 2018, Leventis et. al. synthesized shape memory 

polyurethanes.56  
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It has been very clear that the rigidity and multifunctionality of polyol and 

polyisocyanate play an important role in fabricating the material properties of polyurethane 

aerogels. In that regard, the idea was to utilize the polyol functionality of cyclodextrin 

molecules with a triisocyanate (TIPM) to yield a hierarchical polyurethane structure. The 

porous structure and surface area that will be provided by such structure was aimed to be 

utilized to capture either gases or organic molecules or simply water, depending upon the 

pore sizes. 

 1.3.2. Cyclodextrin-based Polyurethanes. Cyclodextrins (CD) are readily 

available cyclic compounds consisting of six to eight glucose units with well-known host-

guest chemistry.57 Incorporation of cyclodextrins in polymers renders them water-

insoluble, and those materials have found applications in extraction of organic pollutants 

from air and water.58  

The first cyclodextrin-polyurethane (CDPU) resins were reported in 1980 by 

reacting cyclodextrins with three different diisocyanates (hexamethylene diisocyanate, 1,3-

bis(isocyanatomethyl)cyclohexane, 1,3-bis(isocyanatomethyl)benzene. Their interaction 

with various organic compounds were studied with gas-solid chromatography. Those 

resins were able to distinguish between xylene isomers and pyridine derivatives.59 In 1996, 

K. Sreenivasan reported the synthesis of hydrophilic biodegradable polyurethanes by chain 

extention of a prepolymer formed between a polyethylene glycol, hexamethylene 

diisocyanate and β-CD, and demonstrated dye absorption from aqueous media.60 Many 

subsequent studies were focused on the synthesis of CD-based polymers made by reacting 

CD with various monomers such as different aliphatic and aromatic diisocyanates and 

epichlorohydrin. Those polymeric materials were used in the removal of direct azo dyes 
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and aromatic amines from aqueous solutions, patulin extraction, and differential adsorption 

of many organic compounds such as benzaldehyde, aniline, nitrophenol isomers, etc.61-63 

Recently, R. Mirzajani et. al. demonstrated an application of β-CD-based polyurethane, 

synthesized via reaction of β-CD and hexamethylene diisocyanate in DMF, in adsorption 

and determination of Pb(II) ions in dust and water samples.64  

 In the third part of this dissertation, α- and β-CD molecules are utilized together 

with a triisocyanate (TIPM) in the presence of dibutyltin dilaurate (DBTDL) as a catalyst. 

The resulting hyperbranched CD-based polyurethanes are referred to as α- and β-CDPU-

xx. The discussion is focused on the synthesis and characterization (chemical and physical) 

of α- and β-CDPU-xx 3D structures, and the study of their desiccant behavior. 

1.4. SCOPE OF THE PRESENT WORK  

 Since 1930s tremendous amount of research, improvement and actual 

implementation has occurred in the field of aerogels due to the need for novel functional 

materials for betterment of life. Aerogels are being commercially used in various fields. To 

mention few, silica aerogels are used as Cerenkov radiation detectors, in aboard spacecrafts 

as collectors for cosmic particles (NSASA’s Stardust program), Cabot aerogels by Cabot 

Corporation for architecture daylighting, building insulation, specialty chemicals and 

coatings, etc., insulating aerogels (inside Toasty Feet) by Aspen, Aerocore (an organic 

aerogel for vacuum insulation) by American Aerogel Corporation. And that list can 

continue even further. The unique combination of properties makes aerogels useful in 

numerous fields despite the fragility and cost issues and therefore, there has been a 

continuous demand for improvisation, as well as for new research. Here, we have made an 

attempt to propose a cost effective method for synthesizing ceramic aerogels (SiC and 
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Si3N4) with potential applications as high-temperature thermal insulators, as catalyst 

supports for high-temperature gas-phase reactions, to make composites, etc. The proposed 

method has also been demonstrated for fabricating metallic aerogels (Co(0) aerogels), 

which can be used as monolithic thermites. Also, cyclodextrin-based polyurethane aerogels 

are developed as efficient desiccants that can be regenerated with minimal energy 

requirement.  

1.4.1. Ceramic Aerogels. Thermal insulation under extreme conditions, such as 

rapid temperature changes and long-term high-temperature exposure in aerospace and 

thermal power fields, requires exceptional stability.65 Ceramic aerogels are attractive 

candidates for thermal insulation under such harsh conditions due to their low density, low 

thermal conductivity, and excellent fire and corrosion resistance.66 Ample porous ceramics 

have been discussed in the literature starting from pure ultrahigh-temperature ceramic 

(UHTC)67 such as ZrB2, HfB2, to several ceramic composites.68 Silicon-based porous 

ceramic materials derived from organosilicon polymers are well known for their low bulk 

density, large surface area, and excellent thermal and mechanical stability. They have 

attracted attention in many applications, including high-temperature resistance, catalyst 

supports, Li-ion batteries, and gas sensors.69 Sorarù and co‐workers prepared highly porous 

polymer-derived SiOC and SiCN ceramic aerogels with Li‐ion storage ability70 and 

electrochemistry properties.71 This research inspired many similar efforts for fabricating 

novel aerogels.72–75 

Silicon carbide and silicon nitride are the most studied Si-based ceramics. 

Monolithic porous SiC was first prepared by Acheson Process by carbothermal reduction 

of silica with carbon in 1891.76 Similarly, the synthesis of silicon nitride powders by 
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reaction between silica, carbon and nitrogen has been well known since a German patent 

was granted in 1896 to Mehner.77 Since then porous forms of those ceramics have been 

synthesized in various forms such as fibers, whiskers, powders using various techniques, 

including oxidation bonding method, combustion synthesis, chemical vapor reaction, sol-

gel method and carbothermal reduction reaction, preceramic foam processing, and coatmix 

method.78 Considering sol-gel method and the required costly and time consuming 

supercritical drying method, few attempts have been made previously to synthesize those 

ceramic aerogels via freeze-drying or from xerogels. For example, Zheng et al. 

demonstrated the synthesis of mesoporous SiC via the carbothermal reduction reaction of 

saccharose-containing silicon xerogel at 1450 °C.79 Novel porous Si3N4-SiO2 composites 

were obtained by sol-gel and freeze-drying processes using Si3N4-SiO2, Al2O3 and MgO 

as raw materials.80 In most of those processes, however, the final ceramics are in powder 

or composite form. In the first paper of this thesis, we report a method by which monolithic 

ceramic aerogels of various shapes and sizes can be made via a cost effective, time efficient 

and materials efficient method, which can also be extended to other systems whose surface 

can be functionalized with hydroxy or amino groups.  

 1.4.2. Metallic Aerogels. Burpo et. al. synthesized noble metal (Au, Pd, Pt) 

aerogels via a direct solution-based method. Reduction of noble metal salts was carried out 

using dimethyl amine borane (DMAB) and sodium borohydride, which takes place very 

fast (within few minutes) resulting into gels when carried out above a critical concentration. 

Those were then freeze-dried to aerogels having high surface area, capacitance and 

conductivity, which is useful in catalytic, energy storage and sensor applications.81 Noble 

metal aerogels have also been previously prepared by a sol-gel method either through a 
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single step gelation process or by gelation of noble metal nanoparticles produced by 

reduction of the corresponding salt solutions.82 As an alternative to those precious metals, 

several other metallic aerogels have been synthesized and demonstrated in energy 

conversion, biomedicine, batteries and catalysis.83 Leventis et. al. reported an efficient 

synthesis of metal aerogels through carbothermal reduction of polymer coated metal oxide 

aerogels.32 In this work, co-gelation of iron oxide networks with resorcinol formaldehyde 

(RF) networks was carried out. Pyrolysis of the interpenetrating networks of RF-iron oxide 

under inert atmosphere resulted in porous iron monoliths. Those iron aerogels were 

demonstrated as thermites.84  

 In the second paper of this thesis, cobalt aerogels are synthesized from xerogel 

powders as discussed in previous section (Section 1.1.2 Aerogels from Xerogel). The 

cobalt system was specifically chosen since it resists or takes very long time to form gel 

and thus a powder route is beneficial for such system. The final Co aerogels were about 

70% (v/v) porous. Those pores were filled with lithium perchlorate (LiClO4) and ignited 

with the help of a nichrome wire. The temperature of the thermite reaction reached above 

1500 °C. 

 1.4.3. Desiccants. Desiccant materials are hygroscopic solids that induce or sustain 

a state of dryness in the surrounding air.85 Generally, desiccants can be categorized in two 

types based on the factors responsible for water uptake:  

(1) Chemical reaction  

e.g., P4O10 + 6 H2O ----> 4 H3PO4 

        MgSO4 + 7 H2O ----> MgSO4.7H2O 

 



18 
 

 

      (2) Adsorption 

     e.g., silica gels, molecular sieves, clays 

 The materials of the second category are generally porous materials. In order to be 

considered as good desiccants, those materials need to be hydrophilic and highly adsorbent. 

Hydrophilicity can be introduced by the presence of functional groups that attract water, 

while adsorption capacity depends on physical properties such as surface area, porosity, 

and pore volumes. For example, some relatively hydrophobic carbon-based materials show 

high water sorption capacity due to their high porosity, but the speed of adsorption is low 

because of inappropriate surface chemistry that lacks the affinity for water.86 Silica gel, on 

the other hand, is the most commonly known desiccant since the XVII century.87 It’s fairly 

good desiccant behavior is the result of the presence of hydrophilic hydroxyl groups on its 

surface and its porous properties.  

 Desiccants have a wide range of applications e.g., controlling the level of water in 

industrial gas streams, in air conditioning systems, in food packaging, storing and shipping 

purposes, or as energy-saving alternatives to heat drying.88 Due to the demanding 

applications of desiccants, ample amount of research has been carried out to investigate the 

moisture adsorption capacities by various kinds of materials including carbons,89 

polymers,90 clays,91 zeolites,92 etc. Along with the high water adsorption capacity by 

desiccants, it becomes very important to consider the regeneration aspect of those since it 

can save a lot of energy and money. The most commonly known desiccants: zeolites and 

silica gel are known to adsorb up to 0.45 g of water per g of material. Zeolites require 

heating above 200 ̊C for regeneration,92d,93 while silica gels or nanoporous carbons can be 

regenerated by heating to about 120  ̊C.93 However, it will be better if a desiccant can be 
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designed that can adsorb above 0.5 g of water per g of material and most importantly can 

be dried and reused by heating up to 40 – 50  ̊C or just by lowering the relative humidity 

of the environment. In order to accomplish this, the cyclodextrin-based polyurethane 

(CDPU) aerogels with heterogeneous hydrophilic sites, high surface areas and suitable pore 

structures were synthesized and tested as desiccants (Paper III).  

 The best desiccant of this study adsorbs about 1 g per g of material and is shown to 

be regenerated by simply lowering the humidity of the environment. Figure 1.3 shows a 

comparison of the materials of this study with the commonly known commercial 

desiccants. 

 

 

  

 

 

 

 
 
 
 
 
 
 
 
 

 
Figure 1.3. Comparison of moisture adsorption capacities of CDPU aerogels with 

commercial desiccants.  
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ABSTRACT 

We report the carbothermal synthesis of sturdy, highly porous (>85%) SiC and 

Si3N4 monolithic aerogels from compressed compacts of polyurea-crosslinked silica 

xerogel powders. The high porosity in those articles did not pre-exist pyrolysis, but was 

created via reaction of core silica nanoparticles with their carbonized polymer coating 

toward the new ceramic framework and CO that escaped. Sol-gel silica powder was 

obtained by disrupting gelation of a silica sol with vigorous agitation. The grains of the 

powder were about 50 m in size, irregular in shape, and consisted of 3D assemblies of 

silica nanoparticles as in any typical silica gel.  The individual elementary silica 

nanoparticles within the grains of the powder were coated conformally with a nano-thin 
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layer of carbonizable polyurea derived from the reaction of an aromatic triisocyanate 

(TIPM: triisocyanatophenyl methane) with the innate –OH, deliberately added –NH2 

groups, and adsorbed water on the surface of silica nanoparticles. The wet-gel powder was 

dried at ambient temperature under vacuum. The resulting free-flowing silica/polyurea 

xerogel powder was vibration-settled in suitable dies and was compressed to convenient 

shapes (discs, cylinders, donut-like objects), which in turn were converted to same-shape 

SiC or Si3N4 artifacts by pyrolysis at 1500 oC under Ar or N2, respectively. The overall 

synthesis was time-, energy- and materials-efficient: (a) solvent exchanges within grains 

of powder took seconds, (b) drying did not require high-pressure vessels and supercritical 

fluids, and (c) due to the xerogel compactness, the utilization of the carbonizable polymer 

was at almost the stoichiometric ratio. Chemical and materials characterization of all 

intermediates and final products included solid-state 13C and 29Si NMR, XRD, SEM, N2-

sorption and Hg intrusion porosimetry. Analysis for residual carbon was carried out with 

TGA. The final ceramic objects were chemically pure, sturdy, with compressive moduli at 

37±7 and 59±7 MPa for SiC and Si3N4, respectively, and thermal conductivities (using the 

laser flash method) at 0.163±0.010 and 0.070±0.001 W m-1 K-1, respectively. The synthetic 

methodology of this report can be extended to other sol-gel derived oxide networks and is 

not limited to ceramic aerogels. Work-in-progress includes metallic Fe(0) aerogels.     

 
 

 

 

 

 

 



22 
 

 

TOC Graphic 

	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Large SiC and Si3N4 aerogel monoliths with porosities over 85% were prepared 
carbothermally at 1500 oC under Ar or N2 respectively, from compressed-to-shape silica 

xerogel powders coated conformally with a carbonizable polyurea. Use of xerogel 
precursors disengages synthesis of ceramic aerogels from expensive and time-consuming 

drying with supercritical fluids. 
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1. INTRODUCTION 

Aerogels are solid objects derived from wet-gels by converting their pore-filling 

solvent into a supercritical fluid that is vented off like a gas.1 In principle, that process 

preserves the volume of the original wet-gel into the final dry object, thereby aerogels are 

highly porous, low-density materials.2,3 Conversely, simple evaporation of the pore-filling 

solvent causes extensive shrinkage; those materials are referred to as xerogels and consist 

of the same elementary building blocks as aerogels, however due to shrinkage-induced 

compaction, xerogels have lower porosities and higher densities than aerogels.4  

 Silica is the most common type of aerogels, but a wide array of other inorganic and 

polymeric aerogels are known, including organic/inorganic interpenetrating networks,5	and 

polymer-crosslinked oxide aerogel composites.6,7,8,9 In the latter variety, the skeletal 

inorganic-oxide framework is coated conformally with a nano-thin layer of polymer, and 

those materials have been investigated extensively for their mechanical strength.10 

Eventually, the term ‘aerogel’ has been broadened and includes “secondary” materials best 

represented by carbon aerogels,1 which are obtained from pyrolysis of several sol-gel 

derived polymeric aerogels.11 The present study describes such secondary SiC and Si3N4 

aerogels derived from xerogels rather than aerogels. The conceptual point of departure of 

this approach is traced to organic/inorganic interpenetrating networks.5  

 Organic/inorganic interpenetrating networks include oxide aerogels (e.g., of Cr, Fe, 

Co, Ni, Cu, Ti, Hf, Sn) whose skeletal framework is intertwined with a second network of 

a carbonizable phenolic-resin aerogel (e.g., resorcinol-formaldehyde, or 

polybenzoxazine).5,12,13 Mimicking the age-old smelting process,14 those materials undergo 

carbothermal reduction, and have been a source for several metallic (Fe, Co, Ni, Cu) and 
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ceramic (TiC, Cr3C4, HfC) aerogels.13,15 Importantly, along those studies it was observed 

that chemically identical interpenetrating xerogels undergo carbothermal reduction at up 

to 400 °C lower temperatures than the corresponding aerogels, pointing to the fact that 

reactions, even amongst nanostructured reagents, can still benefit from a more intimate 

contact like the one that is found in a more compact structure – i.e., that of a xerogel versus 

that of an aerogel. Along these lines, the ultimate proximity between an inorganic oxide 

framework and a carbonizable polymer will be found in nanostructured oxide networks 

coated conformally with the latter.  

 A generalizable synthetic protocol that implements that line of reasoning is 

illustrated here by the carbothermal synthesis of SiC and Si3N4  aerogels as large shaped-

objects using Eqs 116,17 and 2,18,19,20 respectively. The substrate converted to those two  

 SiO2 + 3 C   ____>  SiC + 2 CO           (1) 

 3 SiO2 + 2 N2 + 6 C ____>  Si3N4 + 6 CO (2) 

ceramics was sol-gel silica coated conformally and cross-linked covalently with 

carbonizable polyurea from reaction of: (a) innate –OH, and deliberately added –NH2 

groups on silica, and (b) adsorbed water, with triisocyanatophenyl methane (TIPM), an 

available-in-bulk triisocyanate. The crosslinking process is shown in Scheme 1. 

Monolithic SiC aerogels have been described before from silica aerogels 

crosslinked via free-radical surface-initiated polymerization (FR-SIP) of acrylonitrile.21 

Apart from the inherent synthetic complexity involved with FR-SIP, a main drawback of 

that approach was also that for porosity it relied on the innate, pre-pyrolysis porosity of the 

monolithic, crosslinked silica aerogel network. In addition, the topology of the reactants in 

that arrangement led to mechanically weak materials, and to low utilization of 
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polyacrylonitrile-derived carbon. In contrast, the TIPM-based methodology that is 

described in this report was fast, energy and materials efficient and can be extended to the  

 

 

 

 

 

 

 
Scheme 1. Cross-linking of skeletal silica nanoparticles (native or –NH2 modified) with a 

triisocyanate (TIPM)6 

preparation of other large monolithic ceramic and/or metallic aerogels. For high-speed, we 

moved away from the idea of using cross-linked monolithic silica aerogels as the ceramic 

precursors, adopting instead the concept of pyrolysis of dry compressed crosslinked silica 

xerogel powders. Those powders have the same nanoparticulate structure as typical 

monolithic aerogels, but, owing to the short diffusion path in the powder grains, they can 

be solvent-exchanged and processed from one step to the next within seconds rather than 

hours – or days. Second, the TIPM-derived polyurea coating acts as a binder for the 

underlying silica particles, so that dry, crosslinked silica powders can be compressed into 

large, sturdy compacts with any desirable shape, which effectively removes the autoclave-

size limitation from the accessible size of the resulting aerogel articles. And as importantly, 

taking isomorphic carbothermal synthesis22-26  one step further, it was realized that for 

porosity, polymer crosslinked xerogel powders would rely not on the porosity of the pre-

urea (X=NH) 

or 
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carbothermal object, but rather on the fact that in the course of the carbothermal reduction 

the carbonizable polymer coating would react away (to the ceramic and CO – see Eq.s 1 

and 2) creating new porosity that did not exist before. That synthetic design has certain 

distinct advantages over all prior ceramic aerogel work: First, use of xerogel precursors 

bypasses supercritical drying, and thus improves energy efficiency. Second, a more subtle 

feature of working with compressed cross-linked xerogel powders, rather than aerogel 

monoliths, is that in principle none (or very little) of the reducing agent, CO, which is 

generated in situ during the course of the reaction, would be carried away: no matter which 

way from the SiO2/C interface CO wants to move, the compactness of the assembly forces 

it always through silica, resulting in the most efficient utilization of the carbonizable 

polymer. As it turned out, it was just sufficient to work with C:SiO2 ratios near the 

stoichiometric level, while in acrylonitrile-crosslinked silica aerogels that ratio had to be 

at least 2.5 times higher than the stoichiometric. Eventually, pyrolysis of compressed 

shaped compacts under Ar or N2 yielded same-shape, highly porous (>85%) monolithic 

SiC or Si3N4. Those porous ceramic objects were mechanically robust, chemically inert at 

high temperatures, and good thermal insulators. In more general terms, SiC and Si3N4 are 

hard ceramics useful as abrasives, in cutting tools, and in biomedicine as bone replacement 

materials. Porous SiC and Si3N4 are used industrially as catalyst supports, or as filters for 

molten metals, and are prepared by annealing powders under compression. Oftentimes, 

porosities up to 30% are considered high. Apart from the immediate relevance of the two 

model materials of this study to all those industrial applications, the generalizable 

methodology that is described herewith brings other porous ceramic and metallic aerogels 

within its reach.    
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2. RESULTS  

2.1. FABRICATION OF SHAPED SiC AND Si3N4 POROUS OBJECTS 

In order to facilitate latching of polyurea onto the surface of silica, the long-

standing strategy has been to provide silica with amines.27,28 Based on the higher reactivity 

of (a) terta- versus tri-alkoxysilanes,3 and of (b) methoxy versus the ethoxysilanes,29 it has 

been suggested that co-gelation of tetramethoxysilane (TMOS) with 3-aminopropyl 

triethoxysilane (APTES), leads to a TMOS-derived 3D network of silica nanoparticles, 

which are surface-modified later with slower-reacting APTES (Scheme 2).6 Overall, it is 

noted that hydrolysis and polycondensation of TMOS is catalyzed by the high 

concentration of base (APTES),6 and such TMOS/APTES sols gelled in seconds.27 For 

comparison, such one-pot, one-step TMOS/APTES gel networks have been reproduced 

here in monolithic aerogel form, and are referred to as TMOS-co-APTES.  

 Being extremely fast, co-gelation of TMOS and APTES does not leave much room 

for manipulation, and the course of the reaction could not be diverted away from monolithic 

gels into micron-sized particles (powders). To that end, a viable approach was to 

deconvolute gelation of TMOS from incorporation of APTES operationally (Scheme 2). 

Thus, referring to Scheme 3, materials preparation started with conventional NH4OH-

catalyzed hydrolysis and polycondensation of TMOS.30 That reaction is typically carried 

out by mixing two solutions: Solution A (TMOS in methanol) and Solution B 

(water+catalyst in methanol).30 Given the monomer and catalyst concentrations of 

Solutions A and B (see Experimental), the undisturbed combined solution yields 

monolithic gels in about 20 min. Here, gelation was disrupted by adding Solutions A and 

B in hexane under vigorous mechanical stirring. APTES, in a APTES:TMOS mol/mol ratio 
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of 0.2, was added to the reaction mixture as soon as it turned milky-white (in approximately 

20 min, as expected). The suspension was aged for 24 h under continuous vigorous stirring 

to ensure that latching of APTES on the surface of the silica particles was complete.  The 

resulting new wet-silica suspension, and materials from that point on are referred to as 

APTES@TMOS. That abbreviation is intended to trace the material to its monomers, and 

to underline the synthetic sequence of events. As it turns out (refer to section 2.2), 

APTES@TMOS and TMOS-co-APTES were chemically indistinguishable as emphasized 

in Scheme 2. The APTES@TMOS suspension was separated from the gelation solvents 

using centrifugation, and the resulting wet APTES@TMOS paste was washed successively 

(i.e., re-suspended and centrifuged) with ethyl acetate (EtOAc, 2), water-saturated EtOAc 

(1), and once with acetone. Those conditions were the result of an optimization study 

(refer to Appendix I in Supporting Information) that related acetone washes to the amount 

of carbonizable polymer uptaken during the crosslinking step. In that regard, the 

combination of one wash with water-saturated EtOAc and one wash with acetone provided 

silica with a reproducible amount of adsorbed water for the reaction with the required 

amount of TIPM. For characterization purposes, some of the APTES@TMOS slurry from 

the last acetone wash was washed again with pentane and was dried at room temperature 

under vacuum. The rest of the APTES@TMOS slurry was crosslinked at 65 oC for 72 h in 

Desmodur RE (a commercial solution of TIPM in dry EtOAc, courtesy of Covestro, LLC). 

The resulting polymer-crosslinked wet-silica suspension was washed with acetone and then 

with pentane.  Excess pentane was removed with a centrifuge, and the wet, crosslinked 

silica paste was dried under vacuum at ambient temperature to a free-flowing fine powder 

that is referred to as X-APTES@TMOS. Dry X-APTES@TMOS powder was placed in 
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suitable dies and was compressed under 15,000 psi into sturdy monolithic compacts. To 

test the latitude of this technology, large donut-shaped objects (Scheme 3) were fabricated 

with a die made to spec by a commercial machine shop. Finally, X-APTES@TMOS shaped 

compacts were converted to SiC and Si3N4 monoliths via pyrolysis at 1500 oC for 36 h 

under flowing Ar or N2, respectively. Those conditions were identified using solid-state 

29Si NMR analysis of a series of X-APTES@TMOS compacts that were pyrolyzed 

according to a pre-determined matrix of temperatures and pyrolysis times (see Appendix 

II in Supporting Information). Residual unreacted carbon in the SiC or the Si3N4 objects 

was oxidized off with air at elevated temperatures as shown in Scheme 3.  

 

 

 

 

 

 

 

 

 

 

Scheme 2.  Two routes to a common product: silica-gels surface-modified with APTES. 
(Powders can be prepared only via operational control.) 
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Scheme 3. Fabrication of highly porous SiC and Si3N4 shaped objects 
 

2.2. CHEMICAL CHARACTERIZATION ALONG SYNTHESIS  

Latching of APTES on TMOS-derived silica particles was confirmed with solid-

state CPMAS 29Si NMR. The spectrum of APTES@TMOS (Figure 1) shows two features: 



31 
 

 

(a) a peak at -66 ppm with a shoulder at –59 ppm, which were assigned to the T3 and T2 

silica atoms from APTES, and (b) two peaks at –110 ppm and at –101 ppm with a shoulder 

at -92 ppm, which were assigned respectively to the Q4, Q3 and Q2 silicon atoms from 

TMOS. The presence of Q3 and T2 silicon atoms points to dangling Si-OH groups, thereby 

APTES@TMOS offers two kinds of possible sites for reaction with the isocyanate: -NH2 

and -OH. Figure 1 also includes the 29Si NMR spectrum of a TMOS-co-APTES aerogel 

prepared with the same APTES:TMOS mol ratio (0.2) as APTES@TMOS. The two spectra 

were in all aspects identical, including both the integrated Q:T ratio of 1.635±0.015, as 

well as the T3:T2 and the Q4:Q3:Q2 ratios, leading to the conclusion that: (a) preventing 

gelation by vigorous agitation; and, (b) separating operationally (experimentally) the 

incorporation of APTES from gelation of TMOS did not have any adverse effects on the 

product, which was chemically indistinguishable from well-known TMOS-co-APTES.       

 Uptake of TIPM-derived polyurea in X-APTES@TMOS was confirmed with solid-

state CPMAS 13C NMR. The intimate connection of the polymer to the silica framework 

was investigated with 29Si NMR. The amount of polyurea was quantified with 

thermogravimetric analysis (TGA).  

 The CPMAS 13C NMR spectrum of native APTES@TMOS powder (Figure 2) 

shows three upfield peaks of about equal intensity at 42, 25, and 9.5 ppm, which were 

assigned to the three carbons of APTES. The spectrum of TIPM-crosslinked X-

APTES@TMOS powder (Figure 2) was dominated by the resonances of TIPM-derived 

polyurea. (A spectrum of the latter31 is included in Figure 2 for comparison.) Owing to 

massive polymer uptake, the relative intensity of the –CH2– groups of APTES in X-

APTES@TMOS was suppressed. Next, turning to the solid-state CPMAS 29Si NMR 
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spectrum of X-APTES@TMOS powder (Figure 1), it is noted that the Q4:Q3 ratio changed 

in favor of Q3 relative to the spectrum of APTES@TMOS: Indeed, in native 

APTES@TMOS powder the Q4:Q3 area ratio (after deconvolution and Gaussian fitting) 

was 1.11, in X-APTES@TMOS that ratio was found equal to 0.69. Similarly, the T3:T2 

ratio was also reduced from 2.33 before, to 1.33 after crosslinking, i.e., in favor of T2. 

Those data mean that the triisocyanate (TIPM) gets attached to the surface of silica not 

only via the –NH2 groups that were provided deliberately for that purpose, but also via any 

other reactive group that it could find available, like for example –SiOH at the Q3 and T2 

positions, and here is the justification: since all relevant 29Si NMR spectra of Figure 1 were 

run using cross-polarization (CP), after crosslinking Q3 and T2 positions found themselves 

closer to an abundance of protons, from TIPM, hence their intensity increased relative to 

Q4 and T3, respectively. To cross-check this proposition, we also run the spectra of 

APTES@TMOS and of X-APTES@TMOS using direct polarization (Appendix III in 

Supporting Information), and we observed that the intensity ratios of Q4:Q3 and T3:T2 

stayed the same before and after crosslinking, as expected. Considering both sets of 29Si 

NMR data together (i.e., with direct and with cross-polarization), we concluded that: (a) 

neither the crosslinking process, nor the accumulated polymer had any adverse effect on 

the silica backbone, and thereby (b) the intensity increase of Q3 and T2 in CPMAS, could 

only be attributed to polymer uptake at both the innate –OH and the deliberately added –

NH2 positions on silica. The next task was to quantify the amount of TIPM-derived 

polyurea in X-APTES@TMOS powders.  

 Using thermogravimetric analysis under O2 (TGA, Figure 3), the APTES@TMOS 

powder lost 24.5% of its mass, which was attributed to its organic component. Thereby, it 
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was concluded that APTES@TMOS consisted of 75.5% of SiO2. Under the same 

conditions X-APTES@TMOS lost 65.4% of its mass. That mass loss corresponded to the 

sum of the organic component coming from APTES plus TIPM-derived polyurea.  From 

those data, it was calculated that X-APTES@TMOS consisted of 34.6% w/w SiO2 and 

54.2% w/w of TIPM-derived polyurea. Considering the carbonization yield of the latter 

(56% w/w, by pyrolysis at 800 oC/Ar),32 it was calculated that the C:SiO2 mol/mol ratio 

that was expected to enter carbothermal reactions towards SiC or Si3N4 was equal to 4.4. 

Considering that the C:SiO2 mol ratio for converting SiO2 to SiC is equal to 3 (see Eq 

1),16,17 and for converting to Si3N4 is equal to 2 (refer to Eq 2),18-20 it was concluded that 

the expected C:SiO2 mol ratio of 4.4 from X-APTES@TMOS would be sufficient for the 

complete conversion of SiO2 to either ceramic. 

 Consistently with the stoichiometry of Eqs 1 and 2 and the expected C:SiO2 mol 

ratio of 4.4, the crude products from pyrolysis at 1500 oC in Ar (SiC) or N2 (Si3N4) 

contained vastly different amounts of carbon. As-prepared SiC articles contained only 0.29 

± 0.07 % carbon, while those of Si3N4 contained 49 ± 1 % carbon (in both cases, those 

values were averages of 3 independent experiments – i.e., from different batches). Clearly, 

some carbon was wasted in the process, but its utilization in the xerogel compacts was 

much more efficient than in aerogels: for instance, for complete conversion of 

polyacrylonitrile-crosslinked silica aerogels to SiC, the C:SiO2 ratio had to be ≥7.21  

 After removing carbon (Scheme 3), the solid-state 29Si NMR spectra of the terminal 

SiC objects showed only one peak at -20 ppm (Figure 4). The broadness of that resonance 

was attributed to three overlapping resonances from -SiC (at -14, -20 and -25 ppm) and 

one resonance from -SiC (at -18 ppm).33 (The spectra of commercial -SiC and -SiC are 
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included in Figure 4 for comparison.) Similarly, the 29Si NMR spectra of the Si3N4 objects 

showed a resonance at -48 ppm and a low-intensity peak at -112 ppm. Based on literature 

values,33,34 as well as the spectra of commercial Si3N4 and silica sand (both included in 

Figure 4), the former peak was assigned to Si3N4, and the latter one to Q4 type of silicon 

in SiO2.  Based on the relative integrated intensity of the peaks corresponding to Si3N4 and 

SiO2 (19:1), and the silica:Si3N4 response factor (6.82:1.00) at the given acquisition 

parameters (see Experimental and Appendix II in Supporting Information), it was 

calculated that the SiO2 impurity in the Si3N4 objects was 0.33% w/w. (It is noted that SiO2 

was also present as an impurity in our commercial Si3N4 source at a level of 1.16% w/w – 

see Figure 4).  

 XRD (Figure 5) confirmed the presence of both the α- and β- phases of SiC and 

Si3N4 in the respective ceramic objects. No peaks corresponding to remaining crystalline 

silica were present. Quantitative phase analysis for SiC was difficult owing to overlapping, 

or partially overlapping reflections from the α- and - phases. From analysis of the pattern 

generated from the (101) and (102) reflections of α-SiC, and the (111) reflection of -SiC, 

an approximate composition of 68% of α-SiC and 32% of -SiC was obtained. On the other 

hand, Si3N4 consisted of 78% of α-Si3N4 and 22% of β-Si3N4. The proximity/overlap of 

the (102)/(111), (110)/(220), and (116)/(311) reflections of α-SiC / β-SiC caused additional 

peak broadening, thereby the average crystallite size calculated via the Scherrer equation35 

from those three reflections (11.9 ± 2.8 nm) is considered as the lowest limit. On the other 

hand, the average crystallite size of α-Si3N4 was calculated at 46.9 nm (from the (101) 

reflection at 2=20.4o), and the crystallite size of -Si3N4 was calculated at 52.5 nm (from 

the (101) reflection at 2=33.5o). 
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Table 1. Materials characterization data along processing 

 
a
Average of 3 samples. 

b
Shrinkage = 100  (mold diameter – sample diameter)/(mold diameter). 

c
Shrinkage relative to the X-APTES@TMOS compact.

 d
Single 

sample, average of 50 measurements.
 e
Porosity, =100(ρs–ρb)/ρs. 

f
VTotal was calculated via VTotal = (1/ρb) – (1/ρs). 

g
V1.7-300 nm

 
from N2- sorption data via the BJH 

desorption method. 
h
V>300 nm = VTotal – 

 
V1.7-300 nm. 

i
For single number entries, or the first of two number entries: average pore diameters were calculated via the 4V/ 

method by setting V  = VTotal = (1/ρb) – (1/ρs); numbers in [brackets] are weighted averages calculated from the pore size distribution curves obtained using Hg-

intrusion porosimetry.  
 

Sample I.D. 
 

Linear 
shrinkage 

(%) a 

Bulk density, 
ρb (g cm-3)  

Skeletal 
density, 

ρs (g cm-3) d 

Porosity, 
% v/v) e 

Specific pore volume 
(cm3 g-1) 

 
VTotal

 f    V1.7-300_nm
 g

   V>300 nm
 h 

BET surface 
area,         

σ (m2 g-1)  

Average 
pore 

diameter 
, (nm) i 

 

TMOS-co-APTES 
monolith 

14.30 ± 0.02 b 0.190 ± 0.007 a 1.79 ± 0.02 89 4.52 2.50 2.02 554 32.6 

X-TMOS-co-APTES 
monolith 

13.18 ± 0.19 b 0.56 ± 0.04 a 1.670 ± 0.002 62 1.19 1.26 0 374 12.7 

APTES@TMOS 
powder 

- 0.35 1.770 ± 0.001 80 2.29 1.32 0.97 294 31.2 

X-APTES@TMOS 
powder 

- 0.81 1.470 ± 0.005 45 0.55 0.15 0.40 113 19.5 

X-APTES@TMOS 
compact 

- 1.04 ± 0.01 a 1.470 ± 0.001 29 0.28 0.09 0.19 119 9.4 

Crude SiC object 18.69 ± 0.88 c 0.390 ± 0.003 a  3.04 ± 0.05 88 2.23 0.02 2.21 5.8 1538 

SiC object 20.80 ± 0.93 c 0.410 ± 0.002 a 3.19 ± 0.09 88 2.12 0.02 2.10 3.2 2642 [6226] 

Crude Si3N4 object 18.84 ± 0.85 c 0.69 ± 0.18 a 2.67 ± 0.02 74 1.07 0.69 0.38 152 28.1 

Si3N4 object 21.38 ± 0.88 c 0.35 ± 0.02 a 2.98 ± 0.01 85 2.52 0.02 2.50 4.7 2158 [8027] 

35 
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2.3. MATERIALS CHARACTERIZATION  

That focused on: (a) the evolution of the micromorphology and the pore structure 

along the operations of Scheme 3, and (b) application-related properties such as oxidation 

resistance at high temperatures, thermal conductivity and mechanical strength. 

2.3.1. Structural Evolution along Processing. The evolution of the 

micromorphology along processing is illustrated in Figures 6 and 7. Relevant material 

characterization data are summarized in Table 1. For setting a reference point relative to 

previous literature both Figure 6 and Table 1 include corresponding data for TMOS-co-

APTES and X-TMOS-co-APTES aerogel monoliths. Figures 6C and 6D concern powders 

and include insets showing typical grains of the respective materials – irregular shaped, 

about 50 m in size; the main subject of Figures 6C and 6D is the interior of those grains, 

in high magnification.       

 Referring to Figure 6, and cross-referencing with Table 1, there is a clear increase 

in compactness from a TMOS-co-APTES aerogel monolith (Figure 6A) to the 

APTES@TMOS xerogel powder (Figure 6C): the arrangement of the elementary building 

blocks (nanoparticles) is more dense in the xerogel powder, and both the porosity, , and 

the BET surface area, , decreased from 89% to 80%, and from 554 m2 g-1 to 294 m2 g-1. 

Also, as expected from all previous literature on polymer-crosslinked aerogels,6,9 both  

and  decreased from the TMOS-co-APTES aerogel (Figure 6A: 89% and 554 m2 g-1) to 

the crosslinked X-TMOS-co-APTES aerogel (Figure 6B: 62% and 374 m2 g-1). The same 

trend was noted with xerogel powders: by going from APTES@TMOS to X-

APTES@TMOS, elementary particles in SEM became fuzzier (Figures 6C and 6D), and 

the  and  values decreased from 80% and 294 m2 g-1, to 45% and 113 m2 g-1, 
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respectively. (It is noted that porosities reported for powders should be considered as the 

upper limits for the correct values of  inside granules, because bulk densities used for 

calculating  were what is referred to as tapped-densities.36) Overall, all data together show 

that polymer-coated nanoparticles in polyurea-crosslinked xerogel powders were squeezed 

closer together relative to their position in aerogel monoliths.  

 Next, by putting crosslinked xerogel powders in a die under pressure yielded 

compacts in which the overall porosity was reduced even further (from 45% to 29% v/v), 

however the BET surface area (119 m2 g-1) was not affected. Those data suggest that on 

one hand grains of powder were squeezed together, which (a) was anticipated from the 

nature of the compacting process, and (b) is evident in lower-resolution SEM (Figure 6E); 

on the other hand, however, the fundamental building blocks of the network inside 

crosslinked granules were not affected by compaction – not much difference was observed 

between Figure 6D and 6F, and the BET surface area, as just mentioned, remained 

unaffected.  

  Carbothermal reduction towards either SiC or Si3N4 caused about 19% shrinkage 

in linear dimensions relative to the compacts. In both cases, high-temperature treatment in 

air in order to remove residual carbon caused an additional 2% shrinkage. As expected 

from the very low amount of residual carbon in as-prepared SiC samples (section 2.2), 

microscopically, as-prepared and clean-of-residual-carbon SiC (Figure 7, top row) looked 

very similar to one another, consisting of macroporous networks formed by almost 

dendritic kind of structures. Using a higher magnification, the skeletal framework consisted 

of fused nanoparticles (pointed with arrows), reminiscent, both in shape and size, of the 

polyurea crosslinked particles in X-APTES@TMOS. On the other hand, the case with 
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Si3N4 was different. As-prepared Si3N4 appeared grainy at all magnifications (Figure 7 – 

lower row). However, after pyrolytic removal of unreacted carbon, the skeletal framework 

of Si3N4 appeared macroporous and particulate; using a higher magnification it appeared 

consisting of stacked-and-fused rectangular-shaped platens. The approximate size of those 

platens (confined with arrows in SEM) matches with the crystallite size calculated from 

XRD via the Scherrer equation (about 50 nm). On the contrary, the size of the fused 

particles in SiC was larger than the calculated crystallite size (around 10 nm), meaning that 

those particles were polycrystalline. 

 The evolution of several key material properties (Table 1) was consistent with the 

evolution of the microscopic appearance of the samples before and after C removal (Figure 

7). Specifically, bulk and skeletal densities, porosities, pore volumes and BET surface areas 

of as-prepared, and of clean-of-carbon SiC were quite close to one another. On the other 

hand, after removing unreacted carbon, Si3N4 objects were less dense (0.35 vs. 0.69 g cm-

3), more porous (85% vs. 74%) and their BET surface area was much lower (4.7 m2 g-1) 

compared to as-prepared samples (152 m2 g-1). SEM and materials characterization data 

considered together were consistent with the fact that as-prepared SiC had hardly any 

unreacted carbon (0.29% w/w, see section 2.2), while as-prepared Si3N4 included a 

significant amount (49% w/w) of unreacted carbon.    

 Overall, clean-of-carbon SiC and Si3N4 objects had similar bulk densities (0.410 

vs. 0.352 g cm-3, respectively), similar porosities (87% vs. 85% v/v, respectively), similar 

total specific pore volumes (VTotal, 2.12 vs. 2.52 cm3 g-1, respectively, calculated from bulk 

and skeletal density data), they both had low BET surface areas (3.2 vs. 4.7 m2 g-1), and 

they were void of mesopores and smaller macropores: in both cases the pore volumes of 
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pores with sizes in the 1.7-300 nm range (by N2 sorption) were just 0.02 cm3 g-1 (i.e., a 

very small fraction of VTotal).  

 Finally, the macropore structure of both materials was quantified with Hg intrusion 

porosimetry (Figure 8). The Hg intrusion curves for both materials were smooth, sigmoidal, 

they started rising early and both leveled off by 500 psi. Samples were recovered intact 

after the experiments (see inset photograph in Figure 8). The intrusion curve of Si3N4 was 

steeper. Along increasing pressure, SiC showed two clear steps with a smaller deflection 

in the middle. Pore size distribution curves derived from those data (Figure 8, lower inset) 

showed that SiC had a trimodal distribution of pores, with about half of the pore volume 

distributed around 2.5 m, while most of the other half of the pore volume was assigned to 

pores centered around 11.0 m, with the balance to pores distributed around 5.7 m. The 

overall average pore size in SiC was calculated by integration of the pore size distribution 

curve, and was found equal to 6.23 m. Si3N4 included one main kind of pores with a 

distribution maximum at 7.9 m; two small bumps (shoulders, pointed at with blue arrows) 

at the left of that maximum were at positions where SiC showed maxima, namely at around 

6 m and 2.5-3 m. The average pore size in Si3N4 was calculated in a similar fashion to 

that of SiC and was found equal to 8.0 m. 

2.3.2. Thermal Characterization of SiC and Si3N4 Articles. Properties of interest 

included thermal stability in oxidizing environments, and thermal conductivity. The 

thermal stability of the porous SiC and Si3N4 ceramic objects was investigated up to 1000 

oC using TGA under N2 and under O2. Under O2, Si3N4 appeared more stable than SiC. 

The latter started gaining mass at about 800 oC (Figure 9A), presumably due to oxidation 

processes akin to sintering SiC powders.37,38  
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 The thermal conductivity of both ceramic artifacts was determined at room 

temperature using thermal diffusivity data obtained with the laser flash method (see 

Experimental). Representative data are shown in Figure 9B. The voltage at the detector 

was proportional to the temperature of the sample at the side opposite to excitation. Fitting 

those data to Fick’s first law,39,40 yielded the thermal diffusivity, R, of each sample. 

Thermal conductivities, , were calculated via = b  cP  R, where cP is the heat capacity 

of each sample and was measured using modulated differential scanning calorimetry 

(MDSC, see Experimental). All relevant data are presented in Table 2.  The thermal 

conductivities of the two materials were: SiC = 0.163 W m-1 K-1 and Si3N4 = 0.070 W m-1 

K-1, meaning that in general both porous ceramics were very good thermal insulators, 

despite that the corresponding dense ceramics are fairly good thermal conductors with 

conductivities equal to 120 W m-1 K-1 and 30 W m-1 K-1, for SiC and Si3N4, 

respectively.41 Further analysis of the relative thermal insulation properties of those two 

materials gave insight about the relative connectivity of their fundamental building blocks 

along their skeletal frameworks.  To that end, first we had to deconvolute the thermal 

conduction through the solid network, s, from: (a) the gaseous thermal conduction through 

the air-filled porous network, g, and (b) the thermal conduction via irradiation, irr. The 

latter was eliminated completely by coating samples with carbon black: no early irradiation 

spike is observed in the data of Figure 9B. On the other hand, g was calculated using 

Knudsen’s equation (see footnote ‘d’ of Table 2),42,43 and it was found equal to 0.0220 W 

m-1 K-1  and 0.0214 W m-1 K-1 for SiC and Si3N4, respectively (Table 2). As expected from 

the large pore sizes of both materials, those g values were close to the thermal conductivity 

of still open air (λg,o = 0.02619 W m−1 K−1, at 300 K, 1 bar). The thermal conductivities 
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through the two solid frameworks,s,SiC and s,Si3N4, were then calculated by subtracting 

their g values from their  values (s =  - g), and they were found: s,SiC = 0.141 W m-1 

K-1 and s,Si3N4 = 0.049 W m-1 K-1. 

2.3.3. Mechanical Characterization of SiC and Si3N4 Articles. The elastic 

moduli of the two aerogels were measured under quasi-static compression in the spirit of 

ASTM D1621-04a using cylindrical specimens with length/diameter ratio of about 0.6 (see 

Experimental). The shape of the stress-strain curves of Si3N4 showed brittle behavior, while 

the curves of SiC were polymer-aerogel-like,44 showing some ductility with a compaction 

onset at about 40% strain (Figure 9C). At comparable bulk densities (0.410 g cm-3 versus 

0.352 g cm-3 for SiC and Si3N4, respectively) the ultimate strengths of the two materials 

were also similar, 7.47 ± 0.30 MPa for SiC versus 7.35 ± 0.41 MPa for Si3N4, however, 

because the Si3N4 curves were steeper, they reached the ultimate strength at lower strains 

(17.1 ± 5.1 %, versus 49.3 ± 3.9% for SiC). The elastic moduli of the two materials, E, 

were calculated from the early slopes of the stress-strain curves (at <3% strain) and were 

found ESiC = 36.7 ± 6.6 MPa, and ESi3N4 = 59.4 ± 7.4 MPa. Curiously, Si3N4 appeared stiffer 

than SiC, even though the intrinsic elastic modulus of pure Si3N4 (Eo
Si3N4 = 304 GPa) is 

lower than that of SiC (Eo
SiC = 430 GPa).45   

3. DISCUSSION 

3.1. MATERIALS SYNTHESIS 

The comparative chemical characterization of TMOS-co-APTES monolithic 

aerogels and of APTES@TMOS powders (Figure 1) provided proof to the long-standing 
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Table 2. Thermal conductivity data 

 
a Via λ = ρb×cP×R, average of 3 samples. b Porosity in decimal notation. c From Hg intrusion porosimetry. d From Knudsen’s equation: 

λg = (λg,oΠ)/(1+ 2β (lg /Φ)),42,43 whereas: λg,o is the intrinsic conductivity of the pore-filling gas (for air at 300 K at 1 bar, λg,o = 0.02619 

W m−1 K−1), β is a parameter that accounts for the energy transfer between the pore-filling gas and the aerogel walls (for air β = 2), lg 

is the mean free path of the gas molecules (for air at 1 bar pressure, lg ≈ 70 nm). e Via λs = λ − λg. 
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Bulk density 
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conductivity, 
λ (W m-1 K-1) a 
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Φ (nm) c 

Gaseous 
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λg (W m-1 K-1) d 

 

Solid 
thermal 

conductivity,   
λs (W m-1 K-1) e 

SiC 0.410 ± 0.002 0.726 ± 0.074 0.548 ± 0.049 0.163 ± 0.010 0.8772 
 

6226 
 

0.02198 0.141 

Si3N4 0.352 ± 0.024 0.764 ± 0.028 0.262 ± 0.005 0.070 ± 0.001 0.8467 
 

8027 
 

0.02142 
 

0.049 
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hypothesis that during co-gelation of TMOS/APTES, APTES first catalyzes the formation 

of a TMOS-derived network, to which it gets attached later.  

 Disruption of gelation with vigorous agitation has been an efficient method to 

produce sol-gel silica powders. The powder particles were irregular-shaped. It is 

understood that other methods involving use of surfactants may yield spherical silica 

particles,46 however, it is well-established that vibrated irregular particles pack more 

densely,47 thereby those alternative approaches to more spherical particles were not 

considered.  TIPM-derived polyurea is attached to the surface of silica via the APTES-

supplied –NH2 groups, but as 29Si NMR evidence suggests (Figure 1), TIPM is really an 

opportunistic crosslinker that engages not only –NH2 groups, but also dangling –SiOH 

groups at Q3 and T2 positions.  

 The polymer (polyurea) layer coating of silica nanoparticles acts as a binder that, 

under compression, glues the powder grains together yielding sturdy compacts. Carrying 

out the whole process with xerogel-like powders, dried via solvent evaporation rather than 

via supercritical fluids, has brought core-shell-like skeletal silica particles coated with a 

carbonizable polymer in close contact with one another. Taking, for the sake of this 

discussion, SiC as an example, intitial reaction of SiO2 with C at their interface yields a 

thin layer of SiC48 that prevents further direct reaction between the two. Complete 

consumption of SiO2 and its conversion to SiC relies on CO, produced via SiC + 2 SiO2 --

--> 3 SiO + CO, passing though the SiO2 core.21,49,50 However, owing to the topology of 

that reaction (at the SiC/SiO2 interface) only half of CO goes through silica; the other half 

moves through carbon and once it reaches the nearest pore (at the other side of the C-

coating) it is carried away and is lost. In xerogel compacts, however, most of the CO 
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moving through the C shell does not reach a pore; instead, it enters the C-shell of another 

C-on-SiO2 particle at a nearby strand, and eventually reaches silica again. The result was 

that complete conversion of SiO2 to SiC was achieved with a near stoichiometric ratio of 

C:SiO2 (4.4), while conversion of more loosely-packed aerogels requires a large excess of 

carbon (>7 mol/mol) in order to compensate for the loss of CO.21 Finally, the fact that 

conversion of X-APTES@TMOS compacts to Si3N4 left half of the carbon unreacted, 

implies that Si3N4 and SiC were produced in parallel processes, namely SiC was not an 

intermediate to Si3N4. That understanding was further confirmed by control experiments 

in which SiC aerogel articles were pyrolyzed under conditions that produce pure Si3N4 

(1500 oC, N2) and remained intact.   

3.2. APPLICATION-RELEVANT MATERIAL PROPERTIES AND 
RELATIONSHIP TO THE NANOSTRUCTURE 

Both types of porous ceramics of this work were highly porous, yet sturdy, and 

thermally stable in air up to fairly high temperatures (near 1000 oC). Although at first 

glance Si3N4 aerogel articles appeared stiffer and better thermal insulators that their SiC 

counterparts, a more sound comparison of the two materials may be obtained by further 

analysis of their solid thermal conduction, s, and their elastic moduli, E, from the 

perspective of their skeletal frameworks.     

3.2.1. The Skeletal Framework from a Thermal Conductivity Perspective. In 

porous materials, s depends on their bulk density, b, and is usually modeled according to 

Eq 3.51,52  

 s C(b )      (3)         
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Exponent  depends on how material fills space, and typically varies between 1 

and 1.5. For foams, for example,  = 1,53 in base-catalyzed silica aerogels  = 1.5,54 in 

resorcinol-formaldehyde aerogels 1.2≤ ≤1.5,51 and for several polyurethane aerogels, on 

average 1.0≤ ≤1.5.44 Here, owing to the similarity of the two materials in terms of their 

origin, bulk density and pore structure, it is reasonable to assume that SiC=Si3N4. Pre-

exponential factor C on the other hand depends on the chemical identity of the material and 

the pore geometry, which controls the thermal efficiency of interparticle contacts along the 

skeletal framework. For instance, larger contacts conduct heat more efficiently hence the 

C value is higher. Using Ashby’s approach to modeling the pre-exponential factor (in a 

similar expression describing the evolution of Young’s modulus as a function of density - 

see section 3.2b below),55 C was expressed as C = pure_SiC (or pure_Si3N4)  CG, where CG is 

the geometric factor of interparticle contacts, in the context of what was just described. 

Considering the experimental ratio s,SiC/s,Si3N4 of the two materials (=2.878), and setting 

the other values accordingly (i.e., the b’s of SiC and Si3N4 – see Table 2), it is calculated 

that for = 1.0, CG,SiC = 0.62  CG,Si3N4, and that for = 1.5, CG,SiC = 0.57  CG,Si3N4. 

Thereby, the interparticle contacts in the Si3N4 aerogel framework render its porous 

structure a more efficient (by about 2) thermal conductor than the SiC porous structure, 

which is the opposite than what is suggested by considering the ratio of the intrinsic thermal 

conductivities of the two materials: pure_SiC /pure_Si3N4 = 4. That inverted behavior of our 

nanostructured Si3N4 is attributed to the large-area, face-to-face contacts between its 

skeletal platens (Figure 7). 

3.2.2. The Skeletal Framework from a Stiffness Perspective. The higher 

stiffness of the Si3N4 aerogels can be attributed to the more efficient contacts between 
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skeletal platens as identified via analysis of s. Yet, the question is how can a significantly 

stiffer material (SiC) end up with lower modulus? The modulus of low-density porous 

materials like aerogels is modeled as a function of their relative density, b/s (calculated 

from values in Table 1), according to Eq 4,51,52,55,56,57,58 where Eo is the intrinsic modulus 

of  

	 E  EoAG

b

s











X

	 (4) 

the pure, non-porous material, AG is a geometric factor similar to CG (refer to section 3.2a 

above), and “X” is an exponent that expresses the sensitivity of E to b, and is related to 

the network morphology. Here, Eo
SiC = 430 GPa, and Eo

Si3N4 = 304 GPa.45 By considering 

the experimental ratio ESiC/ESi3N4 (=0.618), and by setting AG=CG (=0.60, i.e., equal to the 

average CG values discussed in section 3.2a), it was calculated that exponents XSiC and 

XSi3N4 were related via Eq 5, namely XSiC > XSi3N4, thereby SiC aerogels were more sensitive 

 XSiC = 1.05  XSi3N4 + 0.156 (5)  

to changes in bulk density than Si3N4 aerogels, which justifies the observed crossover, 

whereas stiffer SiC in the bulk form, ended up with lower modulus in the porous form. In 

conclusion, the higher stiffness of the Si3N4 artifacts is attributed to both the apparently 

efficient contact between its skeletal platens, and the different way the two materials fill 

space (platens vs fused particles).  

3.2.3. Overall Assessment of SiC versus Si3N4 Aerogel Articles. Comparing the 

mechanical properties and the thermal conductivity of the SiC aerogels of this study with 

those reported recently for SiC foams at the same relative density (b/s = 0.12), and 
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porosity (88%) as in this paper,59  the materials of this study are slightly stronger (7.5 vs. 

3.5 MPa), much less stiff (37 MPa vs. 2.5 GPa), and much better thermal insulators (0.163 

vs. ca. 3.5 W m-1 K-1) than SiC foams. Those trends are attributed to, actually expected 

from, the morphological differences between SiC of this study, and the literature SiC 

foams.59 On the other hand, owing to the lower intrinsic thermal conductivity of silica (1.38 

W m-1 K-1 at room temperature),41 together with the smaller, more numerous particles filing 

space at similar porosities like those reported here for SiC and Si3N4, silica aerogels are 

much better thermal insulators60 than both porous ceramics of this study. By the same 

token, however, owing to its lower melting point, silica is not suitable for very high 

temperature applications. In that regime, data presented herewith suggest that Si3N4 

aerogels are better overall materials than SiC: they display higher oxidation resistance (up 

to 1000 oC), lower overall thermal conductivity (despite the penalty due to the efficient 

contact of platens) and higher modulus. 

4. CONCLUSION 

3D Assemblies of polymer-coated silica nanoparticles have been investigated 

extensively in aerogel form as strong lightweight materials.6,61 Here, we have described an 

alternative application for such 3D assemblies of nanoparticles, namely in the carbothermal 

preparation of sturdy, highly porous SiC and Si3N4 ceramics. Our methodology takes into 

consideration the topology of the carbothermal reactions, and for porosity it relies on the 

void space created by carbon reacting away. That allowed making aerogels from xerogels. 

Indeed, using polymer-crosslinked xerogel powder compacts as the ceramic precursors, 

rather than monolithic polymer-crosslinked aerogels, processing moves fast, it is energy 
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and materials efficient, and most importantly it is generalizable. In that regard, (a) gelation 

of any system that does so relatively slowly (minutes or longer) can be diverted to powders 

by vigorous agitation, (b) the surface of any sol-gel derived skeletal oxide particle is rich 

with –OH groups, where isocyanate-derived polymers, like carbonizable TIPM-derived 

polyurea, can latch on covalently,64 and (c) crosslinked powders can be compressed to 

shaped compacts of any size, thus liberating synthesis of ceramic aerogels from the size of 

the authoclave. In addition to other ceramic aerogels based on refractory materials (e.g., 

zirconium carbide), work-in-progress includes Fe(0) metallic aerogels that may alleviate 

certain issues in thermite applications.62,63    

5. EXPERIMENTAL 

5.1. MATERIALS 

All reagents and solvents were used as received, unless noted otherwise. 

Tetramethylorthosilicate (TMOS), 3-aminopropyltriethoxysilane (APTES) and 

ammonium hydroxide (NH4OH, ACS reagent) were purchased from the Sigma Aldrich 

Chemical Co. HPLC grade solvents including hexane, methanol (CH3OH), ethyl acetate 

(EtOAc), n-pentane were purchased from Sigma Aldrich Chemical Co. Technical grade 

acetone was purchased from Univar (St. Louis, MO). Tris(4-isocyanatophenylmethane) 

(TIPM) was donated by Covestro LLC (Pittsburg, PA) as a 27% w/w solution in dry EtOAc 

under the trade name Desmodur RE. Ultra-high purity Ar (grade 5), N2 (grade 4.8) and Ar 

(99.99999%) gases were purchased from Ozarc Gas (Rolla, MO). For comparison and 

chemical identification purposes, authentic samples of -SiC (Grade UF-25) and of Si3N4 
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(Grade M11) were purchased from H. C. Stark Inc. (Euclid, OH); -SiC was purchased 

from Performance Ceramics Co. (Peninsula, OH).  

5.1.1. Preparation of APTES@TMOS Silica Powder. Hexane (43 mL, 3 the 

volume of the intended sol) was added under flowing dry (drying tube) Ar (99.99999%) to 

a three-neck round bottom flask equipped with a mechanical stirrer and a drying tube. To 

that flask, Solution A consisting of 4.5 mL of CH3OH and 3.85 mL (0.026 mol) of TMOS, 

and solution B consisting of 4.5 mL of CH3OH, 1.5 mL (0.083 mol) of water and 40 L 

NH4OH were added successively at room temperature under vigorously stirring (770 – 950 

rpm). As soon as the mixture developed fine particles and turned white (approximately 20 

min), 1.28 mL of APTES (approximately 1/3 the volume of TMOS) was added to the 

flask, and the reaction mixture was stirred at the same rate for 24 h at room temperature. 

The resulting APTES@TMOS suspension was transferred to centrifuge tubes (50 ml, 

Fisher Scientific) and the solvent was exchanged twice with ethyl acetate and once with 

water-saturated ethyl acetate (EtOAc/H2O). After standing for 15 h in EtOAc/H2O, the 

APTES@TMOS suspension was given one acetone wash and was either processed to X-

APTES@TMOS powder (see next section), or was dried under vacuum at room 

temperature after three more washes with pentane. All washes and solvent exchanges were 

carried out with centrifugation for 15-20 min at 2450 rpm. Each time, the supernatant 

solvent was removed and the volume of the new solvent that was brought in was 2 the 

volume of the compacted slurry (paste) at the bottom of the centrifuge tubes. Before every 

new centrifugation step, the compacted slurry was re-suspended with vigorous agitation 

with a glass rod. 
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5.1.2. Preparation of Cross-linked X-APTES@TMOS Silica Powder. 

Desmodur RE (6 the volume of the centrifuged paste) was added to the centrifuge tubes 

containing the APTES@TMOS slurry from the last acetone wash, the tubes were sealed 

tightly with their caps, and the suspension was heated in an oven at 65 ⁰C for 72 h. The 

mixture was swirled slowly every 10 to 12 h to re-distribute the settled powder and increase 

the diffusion rate. At the end of the 3-day period, the tubes were allowed to cool to room 

temperature and they were centrifuged for 15 to 20 min followed successively by three 

acetone washes and three pentane washes. Always, the wash solvent was removed by 

centrifugation. Again, for all washes, the volume of solvent added was twice the volume 

of the paste at the bottom of the tubes. After removing the solvent from the last pentane 

wash, the contents of the tubes were transferred with the aid of small portions of pentane 

and were combined in a round bottom flask. Pentane was removed and the product was 

dried under reduced pressure (water aspirator connected via a drying tube) at room 

temperature into a dry, freely flowing X-APTES@TMOS powder.  

5.1.3. Preparation of TMOS-co-APTES AND X-TMOS-co-APTES Monolithic 

Aerogels. They were prepared by mixing Solution A and Solution B from above, following 

standard procedures that involve drying with supercritical fluid CO2.27  

5.1.4. Preparation of Porous SiC and Si3N4 Monoliths. Dry X-APTES@TMOS 

powder was compressed into various cylindrical and annular monolithic objects using 

aluminum dies of different sizes and shapes and a hydraulic press operated at 15,000 psi. 

Placement of the powder in the dies was carried out in small portions under continuous 

tapping. Compressed objects were converted to porous SiC or Si3N4 pyrolytically in a tube 

furnace set at 1500 oC for 36 h under flowing ultra-high purity Ar or N2, respectively. In 
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both cases the gas flow rate was set at 325 mL min-1. Residual carbon from the crude SiC 

and Si3N4 samples was removed by heating in air for 24 h in a muffle furnace at 800 oC 

and 600 oC, respectively.  

5.2. METHODS 

Pyrolytic conversion of X-APTES@TMOS compacts to SiC and Si3N4 was carried 

out in a programmable MTI GSL1600X-80 tube furnace (outer and inner tubes both of 

99.8% pure alumina; outer tube: 1022 mm  82 mm  70 mm; inner tube: 610 mm  61.45 

mm  53.55 mm; heating zone at set temperature: 457 mm). The temperature of the tube 

furnace was raised under flowing Ar or N2 from ambient to the carbothermal reaction 

temperature at 2.5 oC min-1. The temperature was maintained at that level for the prescibed 

length of time. Cooling back to room temperature was carried out under constant flow of 

Ar or N2, again at 2.5 oC min-1. 

5.2.1. Physical Characterization. Bulk densities (ρb) were calculated from the 

weight and the physical dimensions of the samples. Skeletal densities (ρs) were determined 

with helium pycnometry using a Micromeritics AccuPyc II 1340 instrument. Samples for 

skeletal density measurements were outgassed for 24 h at 80 °C under vacuum before 

analysis. Percent porosities, , were determined from the ρb and ρs values via = 100  

(ρs–ρb)/ρs.  

5.2.2. Chemical Characterization. Solid-state 13C NMR spectra were obtained for 

powder samples on a Bruker Avance III 400 MHz spectrometer with a carbon frequency 

of 100 MHz using a 7 mm Bruker MAS probe and magic-angle spinning at 5 kHz. 

Broadband proton suppression along with CPTOSS pulse sequence were used for cross-

polarization and spin sideband suppression. Solid-state 13C NMR spectra were referenced 
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externally to glycine (carbonyl carbon at 176.03 ppm). Solid-state 29Si NMR spectra were 

also obtained on the same Bruker Avance III 400 MHz spectrometer with a 59.624 MHz 

silicon frequency using again a 7 mm Bruker MAS probe and magic angle spinning at 5 

kHz. 29Si NMR spectra of samples without protons (SiC, Si3N4 – Figure 4) were acquired 

using a single pulse excitation (i.e., direct polarization). 29Si NMR spectra of all other 

samples were obtained using both cross-polarization (CPMAS pulse sequence – Figure 1), 

and direct polarization (Figure S.4 in Supporting Information). 29Si NMR spectra were 

referenced externally to neat tetramethylsilane (TMS, 0 ppm). The relaxation delay was set 

at 5 s in all experiments, while the number of scans was set at 2,048 and 16,384 for 13C 

and 29Si, respectively. The cross-polarization contact time was set at 3000 s. 

 X-ray diffraction analysis was performed with powders of the corresponding 

materials using a PANalytical X’Pert Pro multipurpose diffractometer (MPD) with Cu Kα 

radiation (λ = 1.54 Å) and a proportional counter detector equipped with a flat graphite 

monochromator. Crystallite sizes were calculated using the Scherrer equation,35 from the 

full-width-at-half-maxima of selected reflections (see Section 2.2) after subtracting the 

instrument line broadening.  

5.2.3. Solid Framework Characterization. Scanning electron microscopy (SEM) 

was conducted with Au-coated samples on a Hitachi Model S-4700 field-emission 

microscope. 

5.2.4. Pore Structure Analysis. BET surface areas were determined with N2-

sorption porosimetry at 77 K using a Micromeritics ASAP 2020 surface area and porosity 

analyzer. Samples for N2-sorption analysis were outgassed for 24 h at 80 °C under a 

vacuum before analysis. The pore size distribution of both the SiC and Si3N4 objects was 
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also investigated with Hg-intrusion porosimetry using a Micromeritics AutoPore IV 9500 

instrument. 

5.2.5. Thermal Characterization. Thermogravimetric analysis (TGA) was 

conducted under N2 or O2 with a TA Instruments Model TGA Q50 thermogravimetric 

analyzer, using a heating rate of 5 °C min−1. 

 Modulated Differential Scanning Calorimetry (MDSC) was conducted under N2 

with a TA Instruments Differential Scanning Calorimeter Model Q2000. Heat capacities, 

cP, at 23 oC of powders (4–8 mg), needed for the determination of their thermal 

conductivity,, were measured using the MDSC method with a TA Instruments 

Differential Scanning Calorimeter Model Q2000 calibrated against a sapphire standard and 

run from 0 oC to 40 oC at 0.5 oC min-1 in the modulated T4P mode, using 100 s as the 

modulation period and 0.13 oC as the modulation amplitude. Raw cP data were multiplied 

with a correction factor (1.008 ± 0.041) based on measuring the heat capacities of a rutile 

and of a corundum sample just before running the SiC and Si3N4 aerogel samples, and 

taking the ratios with the corresponding literature values for heat capacities. 

 Thermal conductivities, , were determined via = b  cP  R, whereas the thermal 

diffusivity, R, was measured with a Netzsch NanoFlash Model LFA 447 flash diffusivity 

instrument using disk samples about 1 cm in diameter, 1.8−2.5-mm-thick.65 Samples were 

first sputter-coated with gold and then spray-coated with carbon on both faces to minimize 

radiative heat transfer and ensure complete absorption of the heat pulse.66 Before every 

run, the instrument was checked with manufacturer provided standards (Pyrex 7740, 

Pyrocream 9606, 99.8% Alumina and AXM-5Q Poco Graphite). Samples were heated with 

a heat pulse from one side, and the temperature increase was observed as a function of time 
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on the other. Subsequently, data (Figure 9B) were fitted with the pulse-corrected Cowan 

model that approximates the heat-transfer equation using an initial value for the thermal 

diffusivity estimated from the time it takes the detector voltage (proportional to the 

temperature) to reach its half-maximum value (denoted as t50).39,40  

5.2.6. Mechanical Characterization. Quasi-static compression testing at low 

strain rates (2.5 mm/mm) was conducted on an Instron 4469 Universal Testing Machine 

using a 500 N load cell, following testing procedures and specimen length/diameter ratios 

in the spirit of ASTM D1621-04a (Standard Test Method for Compressive Properties of 

Rigid Cellular Plastics), as described before.67 The specimens had a nominal diameter 

of 1.0 cm and a length/diameter ratio of 0.6. The recorded force as a function of 

displacement (machine-compliance corrected) was converted into stress as a function of 

strain.  

ACKNOWLEDGEMENTS 

 This project was supported by the ARO under Award No. W911NF-14-1-0369 and 

the NSF under Award No. 1530603. We are grateful to Covestro LLC (formerly Bayer 

Corporation U.S.A.) for the generous supply of Desmodur RE (TIPM), and we thank the 

Materials Research Center of MS&T for support with materials characterization (SEM, 

XRD). 



55 
 

 

TMOS-co-APTES 
monolith 

APTES@TMOS 
powder 

X-APTES@TMOS 
powder 

T2 

T3 

Q2 

Q3 
Q4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 1. Solid-state CPMAS 29Si NMR spectra of samples as shown. (For the 
corresponding spectra under direct polarization see Figure S.4 in the Supporting 

Information.) 
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Figure 2. Solid-state CPMAS 13C NMR of materials as shown. 
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Figure 3. Thermogravimetric analysis (TGA) under N2 of samples as shown. (Heating 
rate 5 oC min-1.) 
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Figure 4. Solid-state MAS 29Si NMR spectra of samples as shown. (All spectra were 
obtained using excitation with direct polarization.) 
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Figure 5. X-Ray diffraction of porous ceramic artifacts: Top: SiC; Bottom: Si3N4. 
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Figure 6. SEM of: (A) TMOS-co-APTES aerogel; (B) X-TMOS-co-APTES aerogel; (C) 
Inside a grain (see Inset) of a APTES@TMOS powder; (D) Inside a grain (see Inset) of a 

X-APTES@TMOS powder; (E) Low magnification image from inside a X-
APTES@TMOS compact; and, (F) High magnification image from inside a X-

APTES@TMOS compact. 
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Figure 7. SEM from a fracture cross-section of a SiC and a Si3N4 aerogel artifact at two 
different magnifications, before and after removal of unreacted carbon as, indicated. 

Arrows show features that correspond to features in the precursors (the X-
APTES@TMOS compacts – case of SiC) or to crystallite sizes calculated from the XRD 

data (case of Si3N4). 
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Figure 8. Hg-Intrusion porosimetry of porous SiC and Si3N4 artifacts. Lower Inset: Pore 
size distributions. Upper Inset: Before testing, as shown. 
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Figure 9. Representative applications related data for SiC amd Si3N4 artifacts: (A) TGA 
data related to the thermal stability of the two porous ceramic artifacts up to 1000 oC 

under O2 vs N2. (B) Laser flash data for finding the thermal diffusivity, R, of the final C-
free SiC and Si3N4 samples. The detector voltage was proportional to the temperature. 

Data shown are for SiC. t50 is the time it takes for the temperature at the back side of the 
sample to reach 50% of its maximum value. (C) Compressive stress-strain data for the 

two porous ceramics at the densities given in Table 1. 
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SUPPORTING INFORMATION 

Appendix I. Optimization of washing procedures for an optimal amount of carbon available 
for carbothermal reduction  

 

Scheme S.1. Optimization of washing procedure for optimal polymer uptake during 
crosslinking, and thereby optimal amount of carbon produced and available for 

carbothermal reduction 
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Appendix II. Optimization of pyrolytic conditions for converting compressed silica 
compacts to Si3N4 aerogels 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S.1. Solid-state MAS 29Si NMR of a mixture consisting of SiC:Si3N4:SiO2 in a 
ratio of 1:1:1 mol:mol:mol, using a ZrO rotor spun at 7kHz and direct polarization (zg 
pulse sequence). Acquisition parameters: number of scans: 16384; relaxation delay: 5 
sec; acquisition time: 0.0129 sec; power level for pulse: 250 W. Integrated areas: SiC: 

39.02; Si3N4: 7.77; SiO2: 53.02. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S.2. Samples prepared in order to identify the optimal conditions (pyrolysis 

temperature and time) for Si3N4. Black points: samples suggested by a Central Composite 
Rotatable Design	(CCRD) statistical method. Blue points: extra points added to the 

CCRD design in order to increase confidence. Red point: conditions predicted to produce 
pure Si3N4.	
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Table S.1. Quantitative analysis using solid-state 29Si NMR under the conditions 
indicated in the legend of Figure S.1 of samples prepared by pyrolysis of X-

APTES@TMOS compacts  according to the conditions of Figure S.2. 
 

 
 
 
 
 
 

Sample 

Pyrolysis 

Time - 
Temperature 

Quantitative Analysis from NMR (Lorentzian fitting) 

wt% Si3N4 wt% SiC wt% SiO2 
Mole Ratio        

[Si3N4] : [SiC] : 
[SiO2] 

1 10 h – 1450 °C 42.15 19.04 38.81 1 : 1.58 : 2.15 

2 14.39 h – 1418 °C 69.38 6.55 24.07 1 : 0.33 : 0.81 

3 14.39 h – 1482 °C 71.14 13.02 15.84 1 : 0.64 : 0.52 

4 20 h – 1430 °C 74.24 5.73 20.03 1 : 0.27 : 0.63 

5 20 h – 1470 °C 83.14 6.18 10.68 1 : 0.26 : 0.30 

6 25 h – 1405 °C 79.83 3.42 16.75 1 : 0.15 : 0.49 

7 25 h – 1450 °C 80.37 5.52 14.11 1 : 0.24 : 0.41 

8 25 h – 1450 °C 80.47 7.13 12.40 1 : 0.31 : 0.36 

9 25 h – 1495 °C 88.72 7.10 4.18 1 : 0.28 : 0.11 

10 30 h – 1430 °C 81.88 6.55 11.57 1 : 0.28 : 0.33 

11 30 h – 1470 °C 84.96 6.31 8.73 1 : 0.26 : 0.24 

12 35.61 h – 1418 °C 86.97 2.98 10.05 1 : 0.12 : 0.27 

13 35.61 h – 1482 °C 90.10 6.43 3.47 1 : 0.25 : 0.09 

14 40 h – 1450 °C 85.06 5.83 9.11 1 : 0.24 : 0.25 

15 36 h – 1500 °C 99.68 0 0.32 1 : 0.00 : 0.007 
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Figure S.3. Fitting the weight percent data for SiC, Si3N4 and unreacted SiO2 (from Table 

S.1) in samples produced by pyrolysis of X-APTES@TMOS compacts for the time 
periods (t) and at the specific temperatures () as indicated. The fitting equations are: 

 
 
%SiC  (0.0221)t2  (0.0014) 2  (0.0042)t  (4.669)t  (4.307)  (3199)         

 R2 = 0.82904 

%Si3N 4  (0.0636)t2 0.0034) 2  (0.0011)t  (2.735)t  (9.807)  (7078)                

 R2 = 0.91297 

%SiO2  (0.0425)t2  (0.0029) 2  (0.0031)t  (7.394)t  (5.500)  (3780)  

 R2 = 0.93479 
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Appendix IΙI. Solid-state 29Si NMR of APTES@TMOS and of X-APTES@TMOS under 
two different acquisition conditions  
 

 
 
 
Figure S.4. Solid-state 29Si NMR data for the two materials as indicated taken using two 
different modes: Direct and cross-polarization (CP). Note the enhancement of Q3 and T2 

under CP, and the even higher enhancement of Q3 relative to Q4 after crosslinking, 
signifying that the TIPM-derived crosslinking polymer (polyurea) laches not only on 

APTES-provided –NH2 groups, but also on –OH groups of Q3 positions. 
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ABSTRACT 

A new route to metallic aerogels that bypasses use of supercritical fluids and 

handling fragile wet-gel and aerogel precursors is exemplified by the carbothermal 

synthesis of monolithic Co(0) aerogels from compressed cobaltia xerogel powders coated 

conformally (crosslinked) at the primary particle level with a carbonizable polyurea. 

Residual carbon is removed and carbon-free samples are obtained by high-temperature 

treatment of as-prepared Co(0) aerogels under a flowing stream of H2O/H2 that prevents 

oxidation of the Co(0) network. The durability of Co(0) aerogels is demonstrated under 

harsh processing conditions in their application as thermites. For this, Co(0) aerogel discs 

are infiltrated with LiClO4 from a melt, and are ignited at about 1100 oC with an electric 

resistor. As Co(0) “burns” to CoO, temperature exceeds 1500 oC, and the heat released 

(55.2 ± 2 kcal mol-1) is near to both the theoretical value (-58.47 kcal mol-1) and that from 

well-known pressed-pellet iron/perchlorate thermites (66.6 kcal mol-1). The advantage of 
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nanostructured thermites based on Co(0) aerogels is the efficiency (100%) by which the 

metal is consumed during its reaction with LiClO4 filling the pores.  

 

Keywords: cobalt, aerogel, xerogel, carbothermal, thermite  
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1. INTRODUCTION 

  Aerogels are open solid colloidal or polymer networks that are obtained by 

removing the swelling agents from a gel without substantial volume reduction or network 

compaction.1 That definition has been expanded to include materials whose precursors are 

“regular” aerogels derived via the sol-gel route.2,3  The most well-known class of materials 

in that category is carbon aerogels, but it also includes several porous metals and porous 

1 cm 
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ceramics (e.g., carbides, nitrides). Thus, although nanoporous metal foams can be prepared 

from suitable metal complex precursors via, for example, combustion synthesis,4 and while 

monolithic noble metal aerogels can be prepared via direct sol-gel destabilization of 

colloids of noble metal nanoparticles,5,6,7 a large sub-set of monolithic metallic aerogels 

can be prepared via carbothermal reduction of interpenetrating aerogel networks of a 

nanostructured oxide and a carbonizable polymer.8,9,10,11,12 Interestingly, carbothermal 

reduction of interpenetrating xerogel networks takes place consistently at about 400 oC 

below the temperature needed for the exact same reduction in the corresponding aerogels, 

pointing to the importance of the proximity of the reactants at the nanoscopic level.13  

Thereby, the carbothermal route to metallic aerogels could be improved if the carbonizable 

polymer coats conformally the oxide network. That type of composite aerogels are referred 

to as polymer-crosslinked or X-aerogels, and are obtained by reaction of surface functional 

groups on wet-gels with suitable monomers.14,15,16,17  

 The X-aerogel route was first employed toward carbothermal synthesis of 

isomorphic SiC aerogels from polyacrylonitrile-crosslinked silica aerogel monoliths.1 

Unfortunately, however, any benefits from crosslinking are negated by the long diffusion 

time needed in order for crosslinking reagents and solvents to infiltrate the interior of large 

monolithic wet-gels, and thus reach, react and latch on the skeletal nanoparticles 

throughput. That issue is further compounded by the drying process of wet-gel to aerogels 

that typically involves converting the pore-filling solvent into a supercritical fluid (SCF) 

that is vented off like a gas. Alternatively, we have demonstrated recently that large 

monolithic SiC and Si3N4 aerogels can be prepared by pyrolysis of compressed compacts 

of X-silica xerogel powders obtained from suspensions of sol-gel particles, which in turn 
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were obtained by disrupting gelation of silica sols with vigorous stirring.18 That method 

does not involve molding and handling fragile wet-gels and/or aerogels, and bypasses the 

use of SCF for drying wet-gels into aerogels, or the need for long drying times for 

converting wet-gels into xerogels. That is, the short time/distance that reagents and solvents 

need to diffuse over in order to access the interior of the wet-gel grains of the suspension 

cuts down the crosslinking process from days to minutes. High porosity was created when 

the crosslinking polymer reacted away during carbothermal reduction of silica toward the 

carbide or the nitride.  

  Here, that methodology is extended to large-size monolithic metallic Co(0) 

aerogels, for which a route through monolithic aerogel precursors could not have even been 

practical, as reportedly only a few selected cobaltia sols can gel, and they do so with great 

difficulty (gelation time ~ 10 days).19  The durability of the newly prepared Co(0) aerogels 

was probed under extreme processing conditions: the porous space of Co(0) aerogels was 

filled almost completely with molten LiClO4, the resulting composites did not shrink, 

remained monolithic and were demonstrated as thermites20 analogous to pressed 

Fe(0)/KClO4 pellets that are used in thermal batteries.21,22 Thermal batteries include an 

electrolytic salt that becomes an ionic conductor after melting through the heat provided 

by a thermite. Alternatively, the electrolytic salt can form an ionic conductor by 

dissolution, thereby the same concept has been extended to wet-condition indicators.23 

2. RESULTS AND DISCUSSION 

 The overall process to Co(0) aerogels and their operation as thermites is 

summarized in Scheme 1. Synthetic procedures are detailed in the Experimental section.  
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Comprehensive materials characterization data have been compiled in Table S.1 of 

Appendix I in Supporting Information. The sections below discuss the rationale, chemical 

transformations, and characterization data of the various intermediates along processing.   

 

 

 

 

 

 

 

 

 

 

  

 

Scheme 1. Synthesis of Co(0) aerogels and their implementation as thermites 

2.1. PREPARATION OF COBALTIA (CoOx) POWDER 

 Cobaltia (CoOx) suspensions were produced from DMF sols via reaction of 

[Co(H2O)6]Cl2 with a proton acceptor (epichlorohydrin).24,25,26  For characterization  

purposes part of the suspension was centrifuged and the precipitate was washed and dried 

under vacuum. Importantly, the [Co(H2O)6]Cl2 salt is pink, but its DMF solutions were 

blue suggesting that octahedral [Co(H2O)6]2+ was in equilibrium with tetrahedral [CoCl4]2- 

(Scheme 2, Eq 1).27 The position of that equilibrium was evaluated by titrating a DMF 

Synthesis of Co(0) aerogels Co(0) aerogel thermites 
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solution of [Co(H2O)6](NO3)2 (at the same concentration as in the sol: 0.43 M) with 

aqueous HCl. Figure 1 shows that the spectrum of the [Co(H2O)6]Cl2 in DMF was 

practically the same as the spectrum of the nitrate salt plus 4 mol equivalents of HCl, 

suggesting that gelation of the hexahydtate salt with epichlorohydrin (Scheme 2, Eq 2) was 

convoluted with Eq 1, the equilibrium of which lies to the left. Reasonably, Eq 1 is expected 

to be also involved at the surface of the CoOx particles resulting from Eq 3. Indeed, prior 

TEM work has shown that cobaltia nanoparticles do form in our sol.13 Furthermore, the 

thermogravimetric (TGA) profile of CoOx (Figure 2a) shows two mass loss events in the 

200-400 oC range (pointed at by blue arrows); reasoning by analogy to Co(OH)2 and 

Co2(OH)3Cl,19,28 the first mass loss, which is observed at around 220 oC, is assigned to 

dehydroxylation of –OH capped cobaltia nanoparticles, while the second one, at around 

300 oC, involves loss of chlorine from –Cl capped particles. Presence of a significant 

amount of surface –Cl caps suggests a reduced aptitude for cobaltia nanoparticles to 

develop interparticle Co–O–Co bridges, which are a prerequisite for gelation. 

Notwithstanding the reasons that prevent large-scale gelation, as outlined in the 

Introduction, this work bypasses the need to make monolithic cobaltia aerogels (or 

xerogels) toward metallic Co(0) aerogels.   

 The multidisperse irregular grains of the precipitate from Equation 3 (Figure 3a-

left) had an internal nanostructure typical of an oxide sol-gel materials (xerogel or aerogel) 

(Figure 3a-right). The skeletal density, s, of the CoOx xerogel powder was 3.137 ± 0.003 

g cm-3 and the BET surface area, , was 62.4 m2 g-1. The primary particle diameter was 

about 31 nm [= / (s  )], and agreed with the minimum particle size in SEM (Figure 

1a-right) and previous TEM results.13 In TGA (Figure 2a), the CoOx xerogel powder lost  
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Scheme 2. Chemical processes during preparation of cobaltia (CoOx) 

  

about 3% of its mass by 200 oC (attributed to solvent), and another 25% by 400 oC, 

attributed to dehydroxylation and loss of Cl as discussed above. By 900 oC, TGA under O2 

(Figure 2a) yielded a 73.20% w/w residue that was identified with XRD as Co3O4 (Figure 

2b); by 1000 oC the residue was reduced to 68.49% w/w and was identified as CoO (Figure 

2b). Thereby, CoOx contained about 54% w/w Co.   

2.2. CROSSLINKING OF CoOx WITH A CARBONIZABLE POLYUREA  –   
       PREPARATION OF X-CoOx  

  Crosslinking was carried out by adding an aromatic triisocyanate (TIPM – see Eq 

4) to CoOx suspensions and heating (Scheme 1). The size of the grains in the new material 

(X-CoOx) remained unchanged; under high magnification, skeletal particles were still 

visible, albeit a massive uptake of polymer. While both CoOx and X-CoOx powders were 

attracted by laboratory magnets, treating X-CoOx powder with aqueous HCl (12 M) 

yielded a residue that was not magnetic. TGA under O2 showed that CoOx had been 

removed almost completely – the residue at 1000 oC was 3.3% w/w (Figure 2a). Solid-state  

(1) 

 

 

(2) 
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13C NMR (Figure S.1 of Appendix II in Supporting Information) showed that the residue 

was chemically identical to polyurea (PUA) obtained via reaction of TIPM with water (Eq 

4).26 

 

 

  

  

 The skeletal density of the X-CoOx powder dropped to s = 1.734 ± 0.003 g cm-3, 

and the BET surface area also decreased to = 36.2 m2 g-1. Lower s and  values 

increased the apparent particle diameter to about 96 nm. Concurrently, the specific pore 

volume in the 1.7-300 nm range, V1.7-300_nm (Table S.1), decreased to 0.11 cm3 g-1 (from 

0.35 cm3 g-1 in CoOx), consistent with PUA coating the primary CoOx particles, and filling 

the space in between them. At 1000 oC under O2, X-CoOx gave a TGA residue of 30.3% 

w/w (CoO – see Figures 2a and 2b), therefore it was concluded that X-CoOx contained 

23.8% w/w Co.   

 Considering the skeletal density of X-CoOx as the weighted average of the s 

values of CoOx (3.137 ± 0.003 g cm-3) and of TIPM-derived polyurea (1.24 g cm-3),29 the 

PUA-to-CoOx mass ratio in X-CoOx was calculated equal to 0.74:0.26. Given that: (a) at 

800 oC under Ar, the char yield of TIPM-derived polyurea is 56% w/w,29 and (b) that char 

consists of 81% w/w C (the balance being N/O in ~1:1 atomic ratio),29 the carbon yield of 

X-CoOx at 800 oC was expected to be about 33.6% w/w. Since X-CoOx contains 23.8 w/w 

Co (see last paragraph above), the expected C:Co mol/mol ratio from carbonization of X-

CoOx was equal to 7.0. Given that at 800 oC CoOx yields Co3O4 (Figure 2b), the reduction 

surf H
2
O 

- CO
2
 

TIPM 
(4) 

TIPM polyurea (PUA) 
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process at 800 oC requires 2 mol of C per mol of Co3O4 for conversion to Co(0) and CO2.10 

Therefore, it was concluded that the expected C:Co ratio from X-CoOx was sufficient for 

reduction of the latter to Co(0). 

2.3. COMPACTION OF X-CoOx POWDER TO DISCS  

Using different dies, X-CoOx powder was compressed under 10,000 psi into 

different size discs (see Experimental Section). The compaction pressure has not been 

optimized; the value of 10,000 psi was selected because it is within the typical range used 

for compressing pellets for infrared spectroscopy, therefore it is easily accessible in most 

laboratories, rendering reproduction of this work rather straightforward. Compaction did 

not alter the oxidation state of cobalt. In XPS, the Co 2p spectra of CoOx powder, 

compressed CoOx powder (at 10,000 psi) and compressed X-CoOx (at 10,000 psi) discs 

were identical (Figure 4), consisting of two major peaks corresponding to the Co 2p1/2 and 

Co 2p3/2 energy levels (at around 797 and 781 eV, respectively), with a spin-energy 

separation of about 15.8 eV, and two higher-energy satellite features at around 802 and 785 

eV, all characteristic of Co(II) species.30,31 Just like the X-CoOx powders, compressed X-

CoOx discs were attracted by laboratory magnets.  Gram magnetic susceptibilities were 

measured and the values were reduced to magnetic susceptibilities per gram of Co. Thus, 

the susceptibilities per gram of Co of the CoOx powder and of the [Co(H2O)6]Cl2 complex 

were close to one another (193.35 and 179.94, respectively; theoretical value for the 

hexahydrated complex: 164.76  – all in cgs units 10-6); similarly, the susceptibilities per 

gram of Co of the X-CoOx powder and of the X-CoOx compressed discs were higher, yet 

close to one another (229.70 and 233.07, respectively – again in cgs units 10-6), suggesting 
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a direct chemical interaction (bonding) between Co(II) and the polymer, as expected from 

crosslinking,14 and that interaction was not altered under 10,000 psi. 

 The skeletal density of the X-CoOx compacts (1.673 ± 0.009 g cm-3) was practically 

unchanged from that of the loose X-CoOx powder (see Section 2.2).  Based on the s value 

and the bulk density of the compact discs (1.340 ± 0.007 g cm-3), their porosity was 

calculated at 19.9 % v/v. The values of V1.7-300_nm and  (0.0561 cm3 g-1, and 19.5 m2 g-1, 

respectively) were about half relative to those of the X-CoOx powders. The majority of the 

specific pore volume (62%) was assigned to pores with >300 nm in diameter. Fussion of 

the X-CoOx aggregates as well as macroporosity, presumably created when grains of X-

CoOx were squeezed together, were both evident in SEM (Figure 3b).  

 
2.4. CARBOTHERMAL REDUCTION OF X-CoOx COMPACT DISCS AND  
       REMOVAL OF RESIDUAL CARBON 

 Reduction of X-CoOx compacts was carried out at 800 oC under flowing Ar 

(Scheme 1). Discs came out black and remained monolithic. Their bulk density was 2.14 

± 0.02 g cm-3. XRD showed only one crystalline phase, -Co (Figure 5), but the skeletal 

density (3.80 ± 0.09 g cm-3) was much lower than the density of metallic Co (8.90 g cm-3). 

SEM showed bright metallic protrusions embedded in amorphous matter (Figure 3c). CHN 

analysis yielded 41.55 ± 0.2 % C w/w. Despite shrinkage (31.56 ± 0.19 % in linear 

dimensions – see Table S.1), the porosity (44% v/v) was >2 than the porosity of the X-

CoOx compressed discs (19.9 % v/v). In TGA under O2, the product lost 31.31% of its 

mass up to 900 oC and an additional 4.49% by 1000 oC (Figure 6). The first mass loss was 

attributed to unreacted carbon and conversion of Co(0) to Co3O4, while the second mass 

loss was due to conversion of Co3O4 to CoO (as discussed in conjunction with Figure 2). 
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By either value, the atomic ratio of unreacted C-to-Co(0) was 4.83, which is in reasonable 

agreement with the after-pyrolysis expected atomic ratio of C:Co (7.0), and the 1:2 mol/mol 

stoichiometry of the reduction of Co3O4 to Co(0) and CO2 (see above).10  

 A demanding application of Co(0) aerogels is as thermites for thermal batteries.20,21 

Because of the confined space in the latter devices, combustion of residual carbon would 

cause an explosion. A second cause of explosion is the rapid heating and expansion of the 

pore filling air.11,32 This type of explosion is facilitated by weakening of the metallic 

network under oxidative carbon removal (e.g., with O2 at 600 oC).32 Thereby, our approach 

here was first to remove carbon under conditions that would provide an overwhelmingly 

reducing environment around Co(0), and second to fill the pores with the oxidant (LiClO4) 

almost completely. 

 Carbon was removed with water vapor using H2 as the carrier gas at two different 

temperatures, 800 oC and 900 oC. (It is noted that if the carrier gas for the water vapor is 

Ar, while all other conditions remain the same, Co(0) is oxidized completely to CoO – by 

XRD, data not shown.) In SEM, the 800 oC samples had a more open structure than the 

900 oC samples (compare Figures 3d and 3e). (For further comparison of the properties of 

the two materials refer to Table S.1) For thermites, we opted to proceed with the 900 oC 

samples, because smaller pores had the tendency to retain molten LiClO4 longer, thus 

minimizing its spillage, which may reduce the amount of oxidizer available for combustion 

of the Co(0) network. Post carbon-removal CHN analysis yielded C: 0.12 ± 0.02% w/w; 

H: -0.03±0.005% w/w; N: 0.02±0.005% w/w. XRD showed only one crystalline phase (-

Co) over a flat baseline (Figure 5). TGA under N2 of carbon-free Co(0) aerogels showed 

essentially a flat profile up to 1000 oC (Figure 6).  TGA under O2 showed first a 135.9% 
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mass increase up to 922.2 oC (expected for Co(0)-to-Co3O4: 136.20% w/w), and a 

subsequent decrease to 127.3% (expected for Co(0)-to-CoO: 127.15%). (The chemical 

identity of the two residues at the two temperatures was confirmed with XRD – just as in 

Figure 2b.)  

 Macroscopically, Co(0) aerogels from the 900 oC treatment for carbon removal 

(referred to as Co(0)-900 samples) were silvery-gray and extremely sturdy with a Young’s 

modulus = 689 ± 10 MPa and ultimate compressive strength = 1035 ± 19 MPa at over 80% 

strain (see Figure S.2 of Appendix III in Supporting Information). By comparison, the 

Young’s moduli of ceramic SiC and Si3N4 aerogels made by the same method described 

here (i.e., from xerogel powders) were much lower (37 and 59 MPa, respectively),18 and 

iron aerogels made from interpenetrating networks had to be annealed at 1,200-1,300 oC to 

reach the same density as the Co(0)-900 aerogels, yet their Young’s modulus was less than 

half (316 MPa).32 The distribution of open pores in the Co(0)-900 samples was centered at 

11 m (by Hg-intrusion – see Figure S.3 of Appendix IV in Supporting Information). The 

skeletal density of the same samples was 8.2 ± 0.1 g cm-3 (versus 8.90 g cm-3 for pure 

Co(0)) indicating 7.45% v/v of closed porosity along the metallic framework. Consistent 

with SEM, the BET surface area was low (0.46 m2 g-1). However, given that intimate 

contact of solid-state reagents is as important, or even more so, than how finely divided are 

the reagents (as pointed out in the Introduction, xerogels react more efficiently than 

corresponding aerogels13) the low surface area of Co(0)-900 was of low concern as long as 

the porous space was large enough to accommodate the amount of oxidizer (LiClO4) 

needed for complete consumption of Co(0).   Indeed, from skeletal and bulk density data 

(3.16 ± 0.07 g cm-3), open porosity was sufficiently high (62% v/v), and it should be able 
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to accommodate the amount of LiClO4 needed for complete combustion of the Co(0) in the 

aerogel discs. 

2.5. FILLING THE POROUS SPACE OF Co(0) AEROGELS WITH LiClO4 AND     
       INGNITION  

  Co(0) aerogels were filled with LiClO4 via capillary action from a melt in a 

sublimation apparatus under vacuum at 270 oC. CAUTION: This is a highly energetic 

system, and all safety rules must be obeyed at all times (see Experimental section).  

 The Co(0)-LiClO4 pellets did not shrink relative to the Co(0) aerogels (Scheme 1 

and Table S.1). -Co remained the only Co(0) phase. Based on bulk and skeletal density 

data (3.86 ± 0.20 g cm-3 and 4.122 ± 0.056 g cm-3, respectively) the porosity of the LiClO4-

loaded Co(0) pellets was reduced to 6.4 % v/v (from 62% v/v before infiltration with 

LiClO4). Based either on those skeletal density data, or the mass gain of the Co(0)-LiClO4 

pellets, the amount of LiClO4 was 1.01 ± 0.01 mol/mol relative to the amount required for 

complete combustion via Eq 5. 

  

 

  For ignition, a Nichrome wire was wrapped around the Co(0)-LiClO4 discs (Figure 

7). Ignition started at one of the contact points of the disc with the wire, when the 

temperature of the latter was approximately 1100oC (calculated as described in the 

Experimental section). Once ignition started, the electric power to the wire was 

disconnected and further combustion was self-sustained. A very bright glow spread rapidly 

throughout the disk. Quickly, that glow turned red and then ceased altogether. It took about 

20 s from ignition to complete combustion (see Ignition Movies). Using an infrared 

4 Co(0)   +  LiClO4                4 CoO   +  LiCl  (5) 
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pyrometer, the disc temperature reached 1515 oC. Discs shrunk slightly during combustion 

(Table S.1), but kept their shape. Post-combustion, discs were washed with water and were 

dried. Yet, they remained monolithic (Scheme 1), and the only crystalline phase was CoO 

(Figure 5). Fused CoO particles were <100 nm in size (Figure 3f). The s value of the CoO 

network was 5.06 ± 0.03 g cm-3 (density of CoO = 6.44 g cm-3), pointing to 27% v/v of 

closed porosity. The skeletal and the bulk density (2.686 ± 0.023 g cm-3) of the CoO discs 

together gave an open porosity of 47% v/v. The sum of open and closed porosity (74% v/v) 

was near the sum of those values in the Co(0)-900 aerogels (70% v/v).  

  Ignition of Co(0)-LiClO4 in a bomb calorimeter under high-purity Ar (1 bar, 23 oC) 

yielded again CoO as the only cobalt phase (identical XRD profile as the one shown in 

Figure 5 - top). The heat released, -55.17 ± 2.01 kcal per mol of Co(0) reacted, was close 

to both the theoretical value (-58.47 kcal mol-1 from Eq  5), and the heat released from the 

analogous combustion of Fe(0) to FeO (-66.6 kcal mol-1).32 Thereby, LiClO4-filled Co(0) 

aerogels comprise a reasonable alternative to pressed-pellet iron/KClO4 thermites. One 

advantage of the nanostructured cobalt system over the pressed pellet technology is that 

Co(0) is consumed completely.  

3. CONCLUSION 

Deconvolution of the synthesis of monolithic non-oxide aerogels from monolithic 

aerogel precursors has been extended to smeltable metals. Other possible candidates 

include Fe, Ni, Sn and Cu. According to the new method, both metallic and ceramic 

aerogels can be prepared from X-xerogel powders, relying for porosity on the carbonizable 

crosslinking polymer reacting away. Using xerogel powders as precursors renders the 
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whole process economic, because it speeds up solvent exchanges and bypasses time-

consuming SCF- or freeze-drying. In the present case of Co(0) aerogels, further 

streamlining was achieved by removing unreacted C with H2O/H2. Application of Co(0) 

aerogels in thermites was a point of departure in order to demonstrate durability at high 

temperatures, in melts, and in contact with strong oxidizers. It follows that less demanding 

environments as in liquidized gasses, or electrolytic solutions will be tolerated easily.  

Applications of Co(0) aerogels in catalysis, as porous electrodes and in magnetic 

separations are under way.   

4. EXPERIMENTAL 

4.1. MATERIALS 

All reagents and solvents were used as received. Epichlorohydrin (EPH) was 

purchased from the Sigma Aldrich Chemical Co. Cobalt chloride hexahydrate 

(CoCl2.6H2O), and HPLC grade dimethylformamide (DMF) and ethylacetate (EtOAc) 

were purchased from Fisher Scientific International, Inc. Tris(4-isocyanatophenylmethane) 

(TIPM) was donated by Covestro LLC (Pittsburg, PA) as a 27% w/w solution in dry EtOAc 

under the trade name Desmodur RE. Ultra-high purity Ar (grade 5), and H2 (99.999% 

purity) gases were purchased from Ozarc Gas (Rolla, MO).  

4.1.1. Preparation of CoOx Suspensions. CoCl2.6H2O (15.756 g, 0.06622 mol) 

was dissolved in DMF (100 mL) under vigorous stirring. Epichlorohydrin (55 mL, 0.632 

mol) was added and the blue solution was heated at 80 °C for 120 min. A suspension 

(CoOx) started forming in about 15-20 min. After the heating period, the mixture was 

allowed to cool down to room temperature and stirring continued for another 24 h. The 
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CoOx suspension was transferred to centrifuge tubes (50 mL, Fischer Scientific), and the 

solvent was exchanged three times with ethylacetate. All washes and solvent exchanges 

were carried out with centrifugation for 15-20 min at 2,450 rpm. For each solvent exchange 

/ wash step the new solvent that was brought in was 2 the volume of the compacted slurry 

(paste) at the bottom of the centrifuge tubes. Before every new centrifugation step, the 

compacted CoOx slurry was re-suspended with a glass rod. For characterization purposes, 

a portion of the slurry from the last wash was dried under reduced pressure at 80 ºC into a 

dry, freely flowing CoOx powder.  

4.1.2. Preparation of Crosslinked X-CoOx Powder. As-received Desmodur RE 

(i.e., a solution of TIPM in ethylacetate), 1 the volume of the centrifuged paste, was added 

to the centrifuge tubes containing the CoOx slurry from the last ethylacetate wash, the tubes 

were sealed tightly with their caps, and the suspension was heated in an oven at 65 oC for 

24 h. The mixture was swirled frequently to re-distribute the settled powder and increase 

the diffusion rate. At the end of the 24 h period, the tubes were allowed to cool to room 

temperature, they were centrifuged for 15 to 20 min and the suspension was washed 5 

with ethylacetate as above. Always, the wash solvent was removed using centrifugation. 

Again, for all washes, the volume of solvent was 2 the volume of the paste at the bottom 

of the centrifuge tubes. After removing the solvent from the last ethylacetate wash, the 

contents of the tubes were transferred with the aid of small portions of ethylacetate and 

were combined in a round bottom flask. Ethylacetate was removed and the product was 

dried under reduced pressure at 80 ºC into a dry, freely flowing X-CoOx powder.  

4.1.3. Preparation of Monolithic Co(0) Aerogels. Dry X-CoOx powder was 

compressed into discs using aluminum dies and a hydraulic press operated at 10,000 psi. 
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Two different dies were used yielding two different size discs (diameter/thickness, 

mm/mm): 41.9/7.6 and 13.0/3.9. Placement of the powder in the dies was carried out in 

small portions under continuous tapping to ensure even distribution and settling of the X-

CoOx powder. Compressed discs were reduced at 800 ºC for 5 h under flowing high-purity 

Ar. At the end of the heating period, the furnace was allowed to cool down under flowing 

Ar, pellets were removed and it was found that they contained unreacted carbon. Those 

samples are referred to as Co(0)/C-800, whereas the numerical extension indicates that 

temperature of their treatment.  Unreacted carbon was removed with H2O-saturated H2. For 

this, the temperature of the tube furnace was raised to either 800 oC or 900 ºC under flowing 

Ar, the gas was switched to H2O-saturated H2 and the temperature was held at that point 

for 36 h. (Flowing H2 was saturated with water vapor by bubbling through water before 

directed to the furnace.) At the end of this period, the furnace was allowed to cool down 

under continuous flow of H2. The resulting samples are refereed to as Co(0)-800 or as 

Co(0)-900 where the numerical extension indicates the temperature used for their 

preparation.   

4.1.4. Preparation of LiClO4-Loaded Co(0)-900 Aerogels. Co(0)-900 samples 

were degassed at 80 °C overnight under vacuum prior to perchlorate infiltration. The 

infiltration process was carried out in a sublimation apparatus under vacuum at 270 °C 

(melting point of LiClO4 = 236 oC). The sublimation apparatus containing solid LiClO4 

and a hanging Co(0) aerogel pellet at the bottom of the top lid was sealed and heated under 

vacuum to the intended temperature using a sand bath. The pellet was held in place with a 

magnetic rod placed inside the “cold” finger of the sublimation apparatus. After LiClO4 

melted completely, the magnetic rod was pulled out of the cold finger, and the Co(0)-900 
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aerogel pellet dropped in the pool of molten LiClO4. In the beginning, the Co(0)-900 pellet 

floated on the liquid perchlorate, but eventually it sunk as it was filled with the liquid salt. 

The process took 15 – 20 min. At the end of this period, the pellet was removed from the 

molten salt, always under vacuum, with the help of a powerful Nd-Fe-B magnet from 

outside. Subsequently, the apparatus was allowed to cool to room temperature, the vacuum 

was broken and the perchlorate-infiltrated pellet was removed. The amount of perchlorate 

was determined gravimetrically.  

CUATIONARY NOTE: With the understanding that one deals with a highly energetic 

system, all safety precautions must be obeyed during infiltration: (a) use of face and body 

protection; (b) the infiltration vessel must be placed behind a PlexiglassTM shield inside a 

fume hood; (c) a Class D33 fire extinguisher must be kept next to the fume hood at all times.  

 
4.2. METHODS 

4.2.1. Pyrolytic Synthesis of Co(0). Pyrolytic conversion of X-CoOx compacts to 

pure metallic cobalt aerogels was carried out in a programmable MTI GSL1600X-80 tube 

furnace (outer and inner tubes both of 99.8% pure alumina; outer tube: 1022 mm  82 mm 

 70 mm; inner tube: 610 mm  61.45 mm  53.55 mm; length of the heating zone at the 

set temperature: 457 mm). The rate of heating and cooling was always maintained at 2.5 

ºC min-1. All gas flow rates were set at 325 mL min-1. 

4.2.2. Ignition of LiClO4-loaded Co(0)-900 Aerogel Pellets. For ignition in the 

open air, a Nichrome wire (0.65 mm in diameter) was wrapped around LiClO4-loaded 

Co(0)-900 pellets, and power was supplied to the wire with a Variac. The voltage across 

the wire (8.5 V) was measured with a multimeter and the electric current flowing through 

the wire (13.0 A) was measured using a Fluke i400 inductive current probe. Using the 
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diameter of the wire, the current flowing through it, and by consulting tables,34
 the 

temperature at the point of ignition was about 1,100 °C. That temperature was also 

confirmed with an infrared thermometer. The whole set-up was placed in a fume hood 

behind a PlexiglassTM shield. Video was recorded with a Sony Handycam Model DCR-

SR68, placed on a tripod. The temperature of the LiClO4-loaded Co(0)-900 pellets during 

thermite operation was monitored with an Infrared Thermometer (Model 0S3708) from 

Omega Engineering, Inc. focused at the center of the disc. The maximum temperature 

recorded was 1515 °C (See Ignition Movie S.M.2). 

4.2.3. Physical Characterization. Bulk densities (b) were calculated from the 

weight and the physical dimensions of the samples. Skeletal densities (s) were determined 

with helium pycnometry using a Micromeritics AccuPyc II 1340 instrument. Samples for 

skeletal density measurements were outgassed for 24 h at 80 °C under vacuum before 

analysis. Percent porosities, , were determined from the b and s values via �= 100  

(s–b)/s.  

4.2.4. Thermogravimetric Analysis (TGA). TGA was conducted under N2 or O2 

with a TA Instruments Model TGA Q50 thermogravimetric analyzer, using a heating rate 

of 5 °C min−1. 

4.2.5. Chemical Characterization. Different methods were applied at different 

stages of processing as follows. 

 CHN elemental analysis was conducted with an Exeter Analytical Model CE440 

elemental analyzer, calibrated with acetanilide. The combustion furnace was operated at 

925 °C. The calibration standard and samples were run three times and results are given as 

averages. 
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 The crosslinking polymer was identified as TIPM-derived polyurea with solid-state 

CPMAS 13C NMR on a Bruker Avance III 400 MHz spectrometer with a carbon frequency 

of 100 MHz, using a 7 mm Bruker MAS probe at a magic angle spinning rate of 5 kHz 

with broadband proton suppression, and CP TOSS pulse sequence. The Total Suppression 

of Spinning Sidebands (TOSS) pulse sequence was applied by using a series of four 

properly timed 180º pulses on the carbon channel at different points of a cycle before the 

acquisition of the FID, after an initial excitation with a 90º pulse on the proton channel. 

The 90º excitation pulse on the proton and the 180º excitation pulse on carbon were set to 

4.2 µs and 10 µs, respectively. The cross-polarization contact time and the relaxation delay 

were set at 2000 s and 5 s, respectively. The number of scans was set at 2,048. Spectra 

were referenced externally to glycine (carbonyl carbon at 176.03 ppm). Chemical shifts are 

reported versus TMS (0 ppm). For this, dry X-CoOx powder was treated for 30 min with 

aqueous HCl (12 M). At the end of the period, the suspension was washed several times 

with water and several times with acetone. The final slurry was dried under vacuum at 80 

oC overnight. X-CoOx powders were attracted by magnets; after removal of the CoOx 

component with HCl, they were not.  The NMR spectrum of the residue was compared 

with the spectrum of polyurea obtained from the reaction of TIPM with water.    

 Powder X-ray diffraction (XRD) analysis was performed with powders of the 

corresponding materials using a PANalytical X’Pert Pro multipurpose diffractometer 

(MPD) with Cu Kα radiation ( = 1.54 Å) and a proportional counter detector equipped 

with a flat graphite monochromator.  

 X-ray photoelectron spectroscopic analysis (XPS) was carried out with a Kratos 

Axis 165 Photoelectron Spectroscopy System. Samples were mixed and ground together 
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with Au powder (5% w/w) as internal reference. Samples were analyzed as powders. Each 

sample was placed on a piece of conductive carbon tape that was adhered to a stainless 

steel sample holder. Samples were introduced into the analysis chamber one at a time and 

the chamber was evacuated at 10−8 Torr or lower. No ion sputtering was performed on any 

of the samples. An Al monochromatic source (150 W) was used for excitation. A charge 

neutralizer was used to reduce the effects of differential or sample charging. The analysis 

area was 700 × 300 microns. Elemental quantification calculations were based on broad 

survey results from single sweeps at higher sensitivity (Pass energy = 80) and were carried 

out with the Kratos Axis Vision processing software taking into consideration the 

appropriate relative sensitivity factors for the particular XPS system. High-resolution 

elemental scans where carried out at a lower sensitivity (Pass energy = 20), using multiple 

sweeps to improve the signal-to-noise ratios. Deconvolution of Co 2p spectra was 

performed with Gaussian function fitting using the OriginPro 8.5.1 software package. 

 UV-Vis spectroscopy was carried out in DMF solutions of CoCl2.6H2O, 

Co(NO3)2.6H2O, and Co(NO3)2.6H2O with varying concentrations of HCl using a Cary 

5000 UV-Vis Spectrophotometer Model # G9825A. Absorbance was recorded from 270 

to 800 nm. Samples were referenced against DMF. The salt concentration in each solution 

were 0.43 M, equal to the concentration of CoCl2.6H2O in the DMF sol used for making 

CoOx suspensions. Five different solutions of Co(NO3)2.6H2O in DMF were prepared by 

varying the molar ratio of HCl : [Co(NO3)2.6H2O] as follows: 1:4, 1:2, 1:1, 2:1 and 4:1. 

 Magnetic susceptibilities were measured with powders of the corresponding 

samples using a Johnson Matthey Model Mark I Magnetic Susceptibility Balance. A five-

point calibration curve was constructed with CoCl2.6H2O, CuSO4.6H2O, K3[Fe(CN)6], 
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CoO and H2O. The mass magnetic susceptibility, χg (in cgs units), was calculated using the 

following equation:35 

χg  = CL(R – Ro)/[1109 (m)], where, C = balance calibration constant, L = sample height 

in cm, R = reading from the digital display when the sample and the tube are in place in the 

instrument,  Ro = reading from the display when the empty sample tube is placed in the 

instrument, m = sample mass in grams. 

4.2.6. Solid Framework Characterization. Scanning electron microscopy (SEM) 

was conducted with Au-coated samples on a Hitachi Model S-4700 field-emission 

microscope. 

4.2.7. Pore Structure Analysis. N2-sorption porosimetry at 77 K was conducted 

with a Micromeritics ASAP 2020 surface area and porosity analyzer. Samples for N2-

sorption analysis were outgassed for 24 h at 80 °C under vacuum before analysis. The pore 

size distribution of Co pellet was also probed with Hg-intrusion porosimetry using a 

Micromeritics AutoPore IV 9500 instrument. 

4.2.8. Mechanical Characterization of Co(0) Aerogels. Quasi-static compression 

testing of Co(0)-900 aerogels at low strain rates (2.5 mm/mm) was conducted on an Instron 

4469 Universal Testing Machine using a 50 kN load cell, following testing procedures and 

specimen length/diameter ratios in the spirit of ASTM D1621-04a (Standard Test Method 

for Compressive Properties of Rigid Cellular Plastics), as described before.16 The recorded 

force as a function of displacement (machine-compliance corrected) was converted into 

stress as a function of strain. 

4.2.9. Calorimetry. The enthalpy of the reaction taking place in LiClO4-

impregnated Co(0) was measured in a 200 mL bomb calorimeter (Parr Instrument 
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Company, Model 1108 Oxygen Combustion Vessel and Model 1341 Plain Jacket 

Calorimeter). The heat capacity of the calorimeter was measured using benzoic acid as 

standard. The sample was ignited with a Nichrome fuse wire (0.65 mm in diameter, 10 cm 

in length) connected to the terminal socket on the apparatus head, which in turn was 

connected to the ignition unit (a Variac). The experiment was carried out by heating the 

Nichrome wire with a supply of 13.0 A of current for 15 sec under an atmosphere of high-

purity Ar. The heat released by the fuse was measured independently with the calorimeter 

and was taken into consideration in the calculations. After each experiment, the residue 

was collected and analyzed with XRD.  
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Figure 1. Spectrophotometric titration of a [Co(H2O)6](NO3)2 solution in DMF (0.43 M – 

red line) with HCl (black dashed lines – fractions denote the HCl : 
[Co(H2O)6](NO3)2 mol/mol ratio. As the concentration of HCl increases, the intensity of 

the absorption at 523 nm decreases (red arrow pointing down) and the intensity at 675 nm 
increases. The blue line shows the spectrum of [Co(H2O)6]Cl2 in DMF at the same 

concentration (0.43 M).  (Concentrations of the cobalt complexes were equal to those 
used in the sol. Spectra were taken from undiluted solutions using a sample holder with 

an optical path of 0.09  mm.) 
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Figure 2. a) TGA under O2 at 5 °C min-1 of: CoOx (blue line), X-CoOx (red line), and 
HCl-treated X-CoOx (dashed black line). Blue arrows point at the two decomposition 
steps of CoOx in the 200-400 oC range (see text). b) Referring to part (a) (blue line): 

XRD of the residue from TGA under O2 collected at 800 °C and at 1000 °C, as indicated. 
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Figure 3. SEM of: a) CoOx powder (left: grains; right: interior of the grains). b) X-CoOx 
compressed disc at two magnifcations. c) As-prepared Co(0)/C (before carbon removal). 
d) Co(0)-800: Co(0) after carbon removal with H2O/H2 at 800 oC. e) Co(0)-900: Co(0) 

after carbon removal with H2O/H2 at 900 oC. f) Monolithic CoO after ignition of LiClO4-
loaded Co(0)-900 aerogels and washing with water. 
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Figure 4. High resolution Co 2p XPS spectra of CoOx powder (top), a CoOx compressed 

pellet (middle), and of a X-CoOx compressed disc (bottom). 
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Figure 5. Powder XRD spectra of samples as shown. Numerical extensions denote the 
temperature of the last processing step (see text). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. TGA (at 5 °C min-1) of samples and conditions as follows. Black line: Under O2 
of an as-prepared Co(0)/C-800 disc; Blue line: Under O2 of a carbon-free Co(0)-900 disc; 

Red line: Under N2 of a carbon-free C(0)-900 disc. Numerical extensions denote the 
temperature of the last processing step (see text). 
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Figure 7. Ignition (t = 0) and combustion of a LiClO4-infiltrated Co(0)-900 aerogel disc 
(21.8 diam. 3.7 mm thick). Arrow shows the point of ignition. The temperature at the 

center of the disk at t = 4 s after ignition reached 1515 oC (see Movie S.M.2). 
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Appendix I. Material Characterization Data  

Table S.1. Materials Characterization Data along All Stages of Processing as well as before and after Ignition 

 

a The numerical extension of Co(0) indicates the last processing temperature. b Average of 3 samples. c Shrinkage = 100  (mold diameter – sample diameter)/(mold 
diameter). All shrinkges are reported with respect to the X-CoOx compact. d Single sample, average of 50 measurements. e Porosity, = 100(ρs–ρb)/ρs. f VTotal was 
calculated via VTotal = (1/ρb)–(1/ρs). g V1.7-300 nm

 from N2- BJH desorption volume. h V>300 nm
 was calculated by subtracting V1.7-300 nm from VTotal. i BET surface area 

from N2 sorption. j For the first number, V  was calculated via 4V/σ by setting VTotal = (1/ρb)–(1/ρs); the number in [brackets] is the peak maximum from the pore 
size distribution curve obtained using Hg-intrusion porosimetry (see Appendix IV).  
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Appendix II. Solid-state 13C NMR Data 
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Figure S.1. a) Formation reaction of a TIPM-derived polyurea coating on the surface of 
the cobaltia nanoparticles. b) Comparison of the solid-state 13C CPTOSS NMR spectrum 
of TIPM-derived polyurea via reaction of TIPM with water,S.R.1 with the spectrum of the 

residue after HCl-treatment of X-CoOx powder. 
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Appendix III. Mechanical Characterization of a Co(0)-900 Aerogel Monolith 

 

 

Figure S.2. Quasi-static (2.5 mm min-1) compression testing of a cylindrical Co(0)-900 
aerogel monolith (6 mm in length, 3 mm in diameter). The experiment was repeated two 

times with different monoliths. (The numerical extension in Co(0)-900 indicates the 
processing temperature at which flowing H2O/H2 was used in order to remove unreacted 

carbon from Co(0)/C-800 aerogels.) 

 

Appendix IV. Hg-intrusion Porosimetry of a Co(0)-900 Aerogel Disc 

 

 

Figure S.3. a) Hg-intrusion isotherm. b) Pore size distribution of a Co(0)-900 aerogel 
disc. (The numerical extension in Co(0)-900 indicates the processing temperature at 

which flowing H2O/H2 was used in order to remove unreacted carbon from Co(0)/C-800 
aerogels.) 
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ABSTRACT 

Polyurethane aerogels were prepared from a rigid aromatic triisocyanate (tris(4-

isocyanatophenyl)methane) and cage-shaped - and -cyclodextrins as rigid polyols. 

Gelation was carried out in DMF using dibutyltin dilaurate (DBTDL) as catalyst. Wet-gels 

were dried to aerogels (abbreviated as - or -CDPU-xx) with supercritical fluid CO2. “xx” 

stands for the percent weight of the two monomers in the sol, and was varied at two levels 

for each cyclodextrin: 2.5% and 15%. All aerogels were characterized with solid-state 13C 

and 15N NMR, CHN analysis, FTIR, XPS, SEM and gas (N2 and CO2) sorption 

porosimetry. - and -CDPU-xx aerogels were investigated as desiccants at room 

temperature. All materials had relatively higher capacities for water adsorption from high-

humidity environments (99%) than typical commercial desiccants like silica or DrieriteTM. 

However, -CDPU-2.5 aerogels did stand out with a water uptake capacity reaching 1 g of 

H2O per g of material.  Most importantly though, adsorbed water could be released 
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quantitatively without heating, by just reducing the relative humidity of the environment 

to 10%. All - and -CDPU-xx aerogel samples were cycled between humid and dry 

environments 10 times. Their unusual behavior was traced to filling smaller mesopores 

with water and was attributed to a delicate balance of enthalpic (H-bonding) and entropic 

factors, whereas the latter are a function of pore sizes. 

Keywords: desiccant, polyurethane, aerogels, cyclodextrin, water adsorption, regenerated, 

reused, relative humidity 
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1. INTRODUCTION 

Desiccants absorb water vapor and reduce the humidity of their environment. Most 

familiar is the use of desiccants to keep foodstuffs,1,2 pharmaceuticals,3 electronics,4 and 

other products dry during shipment and storage.5 Larger-scale applications of desiccants, 
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mostly under consideration, include use as gas dryers,6 in fresh water production by 

atmospheric moisture absorption,7 in heat pumps and refrigeration,8,9 or as energy-saving 

alternatives to heat-drying.10 Desiccants can be anhydrous metal salts,11-14 zeolites,15-17 

clays,18-21 activated carbons22-25 and polymers.26-29 The mechanism of water uptake has 

been investigated extensively, and varies with the type of material.30 In open-pore 

desiccants, water is first absorbed on hydrophilic sites on the pore surfaces and then 

proceeds with pore filling.31,32  

 The typical barriers of new desiccants to entry practical application are cost and 

performance.  Both factors depend on the application, and are linked by whether a desiccant 

can go through a sufficient number of high-capacity sorption-desorption cycles. The latter 

should take into consideration the energy that needs to be expended in order to remove 

absorbed water and regenerate the desiccant for reuse. The water sorption capacity of the 

two most commonly used materials, silica gel and zeolites, reaches 0.45 g of water per 

gram of material.33,34 High surface area silica aerogels have demonstrated an even higher 

water uptake capacity than other forms of silica (reaching up to 1.35 g of water per g of 

silica aerogel),35 however performance deteriorates rapidly because of hydrolysis of the 

silica framework by the adsorbed water. Regarding regeneration, zeolites require heating 

up to more than 200 °C, while silica gels or nanoporous carbons, which can be dried at say 

120 °C, are considered advantageous.36 If, however, we consider a demanding application 

as the benchmark, as for example fresh water production, an attractive desiccant will be 

reuseable it will adsorb over 0.5 g of water per g of its mass, and it should be regenerated 

with minimum expenditure of energy, e.g., at 40-50 oC.30 As described herewith, certain 

polyurethane-based aerogels that incorporate - or -cyclodextrin within every polymeric 
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repeat unit may meet or exceed those requirements.  It turns out that those materials can 

uptake up to 1 g of water per gram of aerogel, and can be regenerated by simply reducing 

the relative humidity of the environment. The latter are the typical cycling conditions 

encountered during regular operation of many consumer appliances, thereby 

implementation of those materials may lead to tremendous energy savings. 

 Cyclodextrins are cyclic oligosaccharides connected, just like open-chain starch, 

with-glycosidic bonds. The -cyclodextrin (-CD) ring consists of 6 glucose units and 

bears 18 –OH groups pointing outward from the central cavity (5.7 Å in diameter); the -

cyclodextrin (-CD) ring consists of 7- glucose moieties, the cavity is 7.8 Å in diameter, 

and bears 21 –OH groups pointing outward (Scheme 1).37 At first, we were attracted to 

cyclodextrins as building blocks of aerogels because of their hydrophobic cavity, and 

polyurethanes was the rather obvious choice of materials.38-44 As it turned out the capacity 

of those materials for CO2 and CH4 uptake inside the hydrophobic cavity was not 

competitive relative to other adsorbers, however, it was noted that cyclodextrin-based 

aerogels included a fair amount of mesoporous space, and necessarily the urethane-rich 

pore walls should be capable of developing H-bonding with water. Then, reasoning by 

analogy to the mechanism proposed recently for the very high CO2 uptake by phenolic and 

polyamide-derived carbons,45,46 new water molecules should hydrogen-bond to already 

adsorbed water molecules, and that process could continue until small pores would be 

filled. That mode of thinking led to the investigation of those materials as desiccants with 

noteworthy results, as mentioned in the previous paragraph.  
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 Scheme 1. - and -Cyclodextrins bearing 18 and 21 –OH groups, respectively 

2. RESULTS AND DISCUSSION 

2.1. PREPARATION OF CYCLODEXTRIN-BASED POLYURETHANE   
       AEROGELS – CHEMICAL AND GENERAL MATERIAL  
       CHARACTERIZATION  
 

The total dangling –OH groups on the glucose subunits (18 and 21 in -CD and -

CD, respectively) were balanced stoichiometrically with the isocyanate groups of a rigid 

aromatic triisocyanate (TIPM). DMF solutions of the two reagents were polymerized and 

gelled at room temperature with DBTDL as catalyst (Scheme 2). The total amount of 

monomers (i.e., TIPM + -CD or -CD) was set either at 2.5% w/w or at 15% w/w of the 

sol. Wet-gels were aged in their molds, solvent exchanged with acetone and were dried in 

an autoclave with liquid CO2 taken out as a supercritical fluid following standard 

procedures. The resulting materials are referred to as - and -CDPU-xx, whereas “xx” 

stands for the total monomer concentration in the sol (i.e., 2.5% w/w or 15% w/w). All 

-CD -CD 
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formulations and gelation times are given in Table S.1 of Appendix I in Supporting 

Information. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2. Synthesis of cyclodextrin-based polyurethane aerogels, exemplified with β-

CDPU-xx from β-CD and TIPM 

 

The chemical identity of all - and -CDPU-xx was probed with FTIR, solid-state 

13C and 15N NMR and CHN elemental analysis. The latter analysis was consistent with 

complete reaction and incorporation of both monomers in the product at their 

stoichiometric amounts. For -CDPU-15, for example, we expected %C: 63.55; %H: 4.34; 

%N: 7.93. Experimentally it was found (average of 3 samples): %C: 63.55 ± 0.57; %H: 

4.74 ± 0.20; %N: 8.19 ± 0.13. All aliphatic and aromatic carbons in the 13C NMR spectra 

(Figure 1A) could be traced to the monomers. The new resonance at 153 ppm was assigned 

to the urethane carbonyl coming from the N=C=O groups of TIPM.38 The solid-state 15N 
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NMR spectra (Figure 1B) showed only one resonance at 102 ppm assigned to the urethane 

nitrogen.47 

 In FTIR (Figure 2), a strong urethane carbonyl stretch appeared at 1716 cm-1, while 

the strongest peak at 1511 cm-1 was assigned to aromatic C=C stretching. A strong broad 

absorption band in the 3600-3100 cm-1 (with a peak maximum at 3405 cm-1) was assigned 

to H-bonded N-H stretches.  

 The surface functionality that is available to interact with “intruders” from outside 

(like H2O molecules) was investigated with XPS. The XPS spectrum of -CD powder and 

a representative cyclodextrin-based aerogel sample, -CDPU-15, are shown in Figure 3. 

The O1s XPS spectrum of -CD showed a single peak at 532.12 eV that was assigned to 

both the C-OH and the glycosidic C-O-C. On the other hand, the deconvoluted O1s 

spectrum of -CDPU-15 exhibited two absorptions, one at 532.17 eV and one at 530.62 

eV; the first one was attributed to both the glycosidic C-O-C and the urethane oxygen 

(C=O)O, while the second one to the urethane C=O.48,49 Finally, consistent with the solid-

state 15N NMR data, the N1s XPS spectra showed just one symmetric peak at 398.66 eV 

that was assigned to urethane N.50 In summary, - and -CDPU-xx were highly branched 

polyurethanes with surfaces decorated with –NH(C=O)O– groups. 

 In SEM (Figure 4), all four - and -CDPU-xx aerogels consisted of random 

assemblies of about equal-size nanoparticles. The porous structure was probed with N2 and 

CO2 sorption porosimetry. The skeletal framework was probed further with SAXS. 
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Table 1. Materials characterization data of - and -CDPU aerogels and - and -CD powders 

 
a Average of 3 samples. b Linear shrinkage = 100  (mold diameter – sample diameter)/(mold diameter). 

 c Single sample, average of 50 measurements.  
d Porosity, = 100(ρ

s
–ρ

b
)/ρ

s. 
e Average of 2 samples. Numbers in [brackets] are micropore surface areas via t-plot analysis according to the Harkins 

and Jura method. f Particle radii, r = 3/(ρ
s
); g R1: primary particle radii from SAXS; h R2: secondary particle radii from SAXS. i Fractal dimensions 

from power-law Region III of SAXS data (refer to Figure S.2 of Appendix III in Supporting Information). j SAXS intensity profiles could be fitted only 
in two regions. 
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Table 2. Pore structure data from N2 and CO2 adsorption by - and -CDPU aerogels and - and -CD powders 

                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 a  V
Total 

was calculated via VTotal = (1/ρ
b
)-(1/ρ

s
). The uncertainty was calculated by the rules of propagation of error. b Cumulative volume of pores 

between 1.7 and 300 nm from N
2
-sorption and the BJH desorption method. c The maximum volume of N2 adsorbed along the isotherm at 77K as 

P/Po approached 1.0. d Total pore volume of micropores from CO2-sorption data at 273K using the Dubinin-Radushkevich method (see Figure S.1 
of Appendix II). e Total pore volumes for pores <1 nm, obtained via the DFT method from CO2-sorption data at 273K. All pore volumes are reported 
as average of the results from two runs.  f Calculated using the BET surface areas from Table 1, and by setting V equal to VTotal, or Vmax as indicated. 
g From the BJH plots: first values are the peak maxima; numbers in (parentheses) are the full widths at half maxima. 
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            Materials properties of - and -CDPU-xx are summarized in Tables 1 and 2, 

which also include corresponding data, whenever possible, for – and –CD for reference. 

As shown by the data of Table 1, upon drying, all gels shrunk 40%-50% in linear 

dimensions, and bulk densities (b) varied from 0.21 g cm-3 (-CDPU-2.5) to 0.94 g cm-3 

(-CDPU-15). Correspondingly, the porosity (, calculated from bulk and skeletal (s) 

density data via  = (s – b) / s) dropped from 84% v/v to 30% v/v, respectively. The 

latter materials could hardly be classified as aerogels, however, since their BET surface 

areas (, via N2-sorption) remained high (>220 m2 g-1), they were still considered further 

for water adsorption.  

2.2. THE PORE STRUCTURE AND THE SKELETAL FRAMEWORK OF -    
       AND -CDPU-xx AEROGELS 
 

All N2-sorption isotherms (Figure 5) were Type IV. Hysteresis loops signified 

mesoporosity and were observed with all samples. However, the overall shape of the 

isotherms obtained with xx = 2.5 and xx = 15 materials were different. The isotherms of 

both - and -CDPU-15 aerogels showed broad saturation plateaus, characteristic of 

strictly mesoporous materials. The hysteresis loops were type H1 signifying ink-bottle type 

of mesopores (e.g., as those formed by close packing of spherical particles – see below). 

Although the isotherms of both - and -CDPU-2.5 aerogels also reached saturation, the 

plateaus were narrow and a rapid increase of the adsorbed volume was observed at partial 

pressures (P/Po) > 0.8, signifying a significant amount of macroporosity. The latter was 

attributed to the lower amount of material filling the same space as in the xx = 15 samples.  

The amount of N2-adsorbed per unit mass (g) of either - and -CDPU-2.5 aerogels was 
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>3 higher than the amount adsorbed by the - and -CDPU-15 samples, signifying a 

structural change as density went up.  

 Pore volumes in the mesopore size regime (V1.7-300_nm) were calculated from the 

medium-to-high pressure N2-sorption data of Figure 5 using the BJH desorption method. 

Data are summarized in Table 2 and are compared with: (a) the maximum volume adsorbed 

along the isotherms as P/Po approached unity (Vmax); and, (b) the total pore volumes (VTotal) 

calculated independently from bulk and skeletal density data (VTotal = (1/b)–(1/s)). In all 

cases Vmax and V1.7-300_nm matched closely one another. In - and -CDPU-15, V1.7-300_nm 

(or Vmax)  VTotal (all in the 0.4-0.6 cm3 g-1 range), but, due to macroporosity, in both - 

and -CDPU-2.5, VTotal >> V1.7-300_nm (by 2.6 to 4.5). Most importantly, however, in - 

and -CDPU-2.5 V1.7-300_nm was up to twice as much as the V1.7-300_nm of - and -CDPU-

15, supporting the structural change alluded to above.  

 Attempted use of low-pressure N2-sorption (with a low-pressure transducer) in 

order to probe the micropore volume that necessarily exists in the - and -CD cavities,37 

did not produce any data, and it was concluded that N2 could not probe the CD cavities. 

Instead, the micropore volume and pore size distribution was probed with CO2 adsorption 

(see Appendix II in Supporting Information). Pore volumes of micropores with sizes <1 

nm were calculated from analysis of the CO2 adsorption isotherms with the DFT method 

(VDFT), and they were found low (all in the 0.029-0.044 cm3 g-1 range) and comparable for 

all materials (see Table 2). Pore volumes were also calculated from the same CO2 

adsorption data using the Dubinin-Radushkevich (DR) method (Figure S.1 - Table 2);51,52 

the values, VDR, were larger than VDFT, yet still low (0.11-0.12 cm3 g-1) for both - and -
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CDPU-2.5, and even lower (0.062-0.073 cm3 g-1) for - and -CDPU-15. Always pore 

volumes probed with CO2 adsorption were ≤10% of V1.7-300_nm (Table 2).   

 BET surface areas, , support the notion of structural changes between - and -

CDPU-2.5 on one hand, and - and -CDPU-15 on the other. If there were no structural 

changes, specific surface areas should be invariant of the amount of material (density). 

Here, - and -CDPU-2.5 were found to have significantly higher BET surface areas (607 

m2 g-1 and 457 m2 g-1, respectively) than - and -CDPU-15 (both in the 250 m2 g-1 range) 

(see Table 1). (It is noted that the BET surface areas of - and -CDPU-2.5 aerogels are 

the highest amongst all polyurethane aerogels we are aware of.38-44) 

 Pore size distributions in the 1.7-300 nm were obtained via the BJH method (see 

insets in Figure 5) and were very different for the xx = 2.5 vs the xx = 15 samples.  - and 

-CDPU-2.5 showed broad pore size distributions, well in the mesopore range, while - 

and -CDPU-15 showed narrow distributions near the lower end of that range.  Clearly, 

we are dealing with two groups of structurally different materials. Average pore sizes were 

calculated via the 4V/ method, where the specific pore volume, V, was set equal to either 

VTotal or V1.7-300_nm. Results are cited in Table 2 and it is noted that average pore volumes 

by the two methods track the differences between VTotal and V1.7-300_nm, as discussed above. 

Most importantly, however, in the cases of - and -CDPU-15 the average pore sizes by 

the 4V/ method (with V set equal either to VTotal or to V1.7-300_nm) were very close (7.8-8.6 

nm and 5.6-6.8 nm, respectively) to the narrow BJH pore size distributions noted in the 

insets of Figure 5, thus supporting the validity of those distributions, and thereby the fact 

that the xx = 2.5 and the xx = 15 aerogels were structurally different materials. Further 
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insight about those structural differences should be traceable to the way nanoparticles get 

assembled.   

 A first estimate of the size of the fundamental building blocks (primary particles) 

was obtained from skeletal density, s, and BET surface area, , data via the relationship: 

particle radius (r) = 3/(s  ). Primary particles calculated via that method were all in the 

3.8-9.8 nm size regime (Table 1). Structural information was also obtained with small angle 

X-ray scattering (SAXS).  

 SAXS scattering profiles could be fitted into two power-law regions only with the 

low-density samples (xx = 2.5 – see Figure S.2 in Appendix III of the Supporting 

Information). The high-Q slope of all samples was near, yet somewhat lower than -4.00, 

indicating that all primary particles had fuzzy interfaces (see Table S.2 in Appendix III of 

the Supporting Information). Primary particle radii, (R1 – included in Table 1) were 

calculated from the high-Q Guinier knee of each scattering profile (Region II, Figure S.2), 

and they were numerically close and matched the trend in r from N2-sorption data. By 

focusing either at r or R1 (Table 1), primary particles of the xx = 15 samples were equal or 

larger than those of the xx = 2.5 samples, and those of the-CDPU-15 aerogels were larger 

than those of their - counterparts. Now, the slope of the low-Q power law region (Region 

III, Figure S.2) of -CDPU-2.5 aerogels was equal to -2.54 ± 0.28 (see Table S.2), 

signifying mass-fractal assembly of primary particles into secondary particles with mass-

fractal dimension equal to 2.54 ± 0.28. The radius of the secondary particles, (R2 – included 

in Table 1) was calculated from the second Guinier knee (Region IV – Figure S.2) and it 

was found about 30 nm. From the mass-fractal dimension and the radii of the primary and 

secondary particles, the (meso)porosity of the secondary particles in -CDPU-2.5 was 
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calculated at 66% v/v53 – versus 26% expected for close-packed spheres. On the other hand, 

the low-Q slope of -CDPU-2.5 aerogels was equal to -3.00 ± 0.03 pointing to secondary 

particles consisting of closely packed primary particles; it was found from the second 

Guinier knee that R2  27 nm. As just mentioned above, neither a low-Q power law nor a 

Guinier knee region was present in the high-density (xx=15) samples. Given that - and -

CDPU-15 aerogels were low-porosity (Table 1), strictly mesoporous materials with narrow 

pores (Figure 5 and inset) and no quantitative sign of secondary particles (SAXS), it is 

reasonable to entertain the idea that the primary particles of those materials were densely 

packed – just like in low-density -CDPU-2.5. Just on geometric grounds then, pore 

diameters between closely packed primary particles can be calculated via 2R1(2-1) and 

are on the order of 5.42 nm for -CDPU-15, and 6.60 nm for -CDPU-15, namely on the 

same order as the average pore sizes calculated via the 4V/ method, or found via the BJH 

method (Figure 5 – insets). Thereby, with -CDPU-15 and -CDPU-15 being 

nanostructured densely-packed materials, the only pore volume available (0.57 cm3 g-1 and 

0.42 cm3 g-1, respectively – see Table 2) is confined in the interstitial places between 

primary particles. It is noted then that access to those pores is restricted by narrower 

channels, thereby the H1 shape of the corresponding N2-sorption isotherms in Figure 5. 

2.3. WATER VAPOR UPTAKE AND DESICCANT PROPERTIES OF - AND  
       -CDPU-xx AEROGELS 
 

The desiccant properties of - and -CDPU-xx aerogels were investigated at room 

temperature using two chambers, one with low humidity (~10%) maintained with 

DrieriteTM in a Petri dish placed inside the chamber, and another one with high humidity 

(~99%) maintained with water in a Petri dish as shown in Figure S.3 of Appendix IV in 
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Supporting Information. Samples were placed and remained for 24 h in each chamber and 

then they were transferred to the other one. Periodically, samples were removed from their 

chambers and were weighted for water uptake. Before any experiments with - and -

CDPU-xx aerogels the experimental set up was tested with commercial silica used as a 

desiccant, and with DrieriteTM itself (Figure 6A). The amount of water vapor absorbed 

(20% w/w for silica and 15% w/w for DrieriteTM) were close to those expected for the two 

materials (35 – 40% w/w for silica, and 10 – 14% w/w for DrieriteTM).54,55 (Note that both 

control materials retained a significant amount of water after the first cycle – that is, after 

they were placed in the dry chamber and so on. The amounts of the water uptaken and 

released by all samples after three such 24h-cycles are cited in Table S.3 of Appendix IV 

in Supporting Information.) 

 Although none of the - and -CDPU-xx aerogels seemed to have reached 

saturation in 24 h, Figures 6B and 6C show that overall -CDPU-2.5 aerogels had adsorbed 

the highest amount of water, about 108% w/w, and they expelled it quantitatively in the 

low humidity chamber. All experiments were conducted at room temperature. In fact, both 

lower-density samples (xx=2.5) showed higher water uptakes compared to their higher-

density counterparts, but that difference in the -CDPU-xx aerogels was not as large as in 

their - counterparts. In the same context, it is also noted that the water vapor adsorption 

by -CDPU-15 was in the same range as by the two -CDPU-xx aerogels. Figures 6B and 

6C also include water adsorption data from the corresponding -CD and -CD powders; 

both powders adsorbed ≤20% w/w of water, -CD uptook less (about 15% w/w) than -

CD and both retained most of the water (>50%) in subsequent cycles. It is noted that the 

amount of water uptaken by either -CD or -CD powder was less than what is expected 
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(about 33% w/w) if one H2O molecule is H-bonded to each –OH group of either 

cyclodextrin (Scheme 1), while involvement of the hydrophobic microporous cavities was 

unlikely. Finally, new samples of each of the - and -CDPU-xx aerogels were subjected 

to ten (10) 24h-adsorption/desorption cycles in the same experimental set up at room 

temperature (Figure S.3). Each round trip took 48 h. The weight gain or loss was monitored 

in 24 h intervals, and is referred to relative to the initial weight of the sample before the 

first cycle. Results are shown in Figure 6D. The relative water vapor uptake amongst the 

four new - and -CDPU-xx aerogels was in the same range as before (compare Figure 

6D with Figures 6B and 6C). The additional information from Figure 6D is that all aerogels 

experienced a break-in period of 5 cycles over which the total water uptake was reduced, 

but again -CDPU-2.5 aerogels settled at about 80% w/w of water uptake, which is >2.5 

times the level of water uptake by all other samples, which settled at about 30% w/w.   

 With an eye on improving on the unusually high water uptake by all cyclodextrin-

based polyurethane aerogels, we first looked at the energetics of water uptake by the best 

performer,-CDPU-2.5.  Figure 7A shows the water sorption isotherms obtained at two 

temperatures. The isotherms were Type IV with H3 type hysteresis loops. The existence of 

hysteresis loop in those isotherms suggests that water is first adsorbed on the stronger sites 

of the material, followed by formation, growth and coalescence of clusters due to the strong 

hydrogen bonding between water molecules.56 One major difference from the 

corresponding N2-sorption isotherm was the lack of saturation, and a second one was that 

the hysteresis loops did not close as P/Po returned to zero meaning that some water (<10%) 

remained adsorbed on the material. It is also noted that the 24h dynamic water uptake 

(about 108% w/w – Figure 6A) was higher than the equilibrium water uptake (30% w/w). 
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Similar observations, albeit the difference was smaller, have been made before,57 but in our 

opinion the reasons seem to remain elusive. 

 The two isotherms of Figure 7A were replotted as shown in Figure S.5 of Appendix 

V in Supporting Information, and were fitted together into a Virial expression (Eq 1) 

following an iterative segment-wise fashion with the isosteric heat of adsorption, Qst, vs N 

(Eq 2) as described in the Experimental section. The segments along N are listed in Table 

S.4. The final fitted plot of Qst as a function of N is shown in Figure 7B, and the coefficients 

of Eq 2 for each segment along N are given in Table S.5 of Appendix V in Supporting 

Information.      

 The zero-coverage isosteric heat of adsorption, Qo, is the value of Qst at near zero 

water uptake and is largely a function of the binding strength of the adsorbate to the 

strongest binding sites. Qo for -CDPU-2.5 was calculated via Eq 3 from the coefficients 

of the Qst vs N plot (see Table S.5) and it was found at about 18 kJ mol-1, which is a typical 

value for H-bonding between water and urethane groups that decorate the surfaces of 

cyclodextrin-based polyurethane aerogels (refer to Figure 3).58 As noted in Figure 7B, Qst 

increases rapidly with the quantity of water adsorbed and reaches to a value of about 55 kJ 

mol-1, which is higher than the heat of condensation of water (44.0 kJ mol-1).59 This kind 

of “overshooting” in the Qst plots of water adsorption has been noted before,59,60 and the 

consensus is that it is an artifact.60,61 Instead, the average asymptotic value of Qst as N 

increases is a better indicator of the interactions that lead to the total water uptake.59 That 

average asymptotic value (see dotted horizontal line in Figure 7B) was near the 

condensation heat of water, indicating multilayer adsorption of water on water. It is also 

important to note that the average asymptotic value of Qst is reached at the early stages of 
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water uptake, thereby the overall water uptake was due to pore filling. This conclusion is 

in accord with the fact that an assumed monolayer coverage (at 7.6  10-6 mol m2)62 of the 

entire BET surface areas (from Table 1) can explain only up to a 10% w/w of the water 

uptake observed experimentally (Figures 6B and C and Table S.3).  Consequently, 

following the pore-filling hypothesis, -CDPU-2.5 should display the highest water uptake 

capacity due to its highest pore volume amongst its other counterparts. Further along this 

line of reasoning, it is noted that the total water vapor uptake by three of the four aerogels 

of this study (-CDPU-2.5, -CDPU-15 and -CDPU-15 – see Figures 6B and 6C and 

Table S.3) practically matches the mass needed to fill the mesopore volume of the three 

materials (refer to the values of V1.7-300_nm or Vmax in Table 2). By the same token, the water 

vapor uptaken by -CDPU-2.5 in 24 h was enough to fill only about 54% of the V1.7-300_nm 

or Vmax. Focusing first on the former three aerogels, in which water uptake matches the V1.7-

300_nm or Vmax values, the question becomes why water uptake stops after mesopores have 

been filled? This issue is addressed in conjunction with Scheme 3.  

Focusing on translational degrees of freedom, the maximum entropy of a collection 

of molecules is in the vapor phase (Sout), and the minimum when they are bound to a surface 

(Ssur). Driven by pressure or chemical potential (i.e., concentration), molecules may enter 

micropores, but once inside they have lost their degrees of translational freedom and Sin-

micro ~ Ssur = 0. In mesopores the situation is somewhere in between. Thereby, Sout > Sin-meso 

> Sin-micro  Ssur, and therefore (Ssur – Sout) < (Ssur – Sin-meso) < (Ssur – Sin-micro)  0. 

Correspondingly, at a given temperature, T, when a species gets adsorbed on a surface from 

its immediate environment the entropic term, –TS, changes in the opposite direction:  (–

TS)in the open > (–TS)from mesopores > (–TS)from micropores  0.  In order for the Gibbs free 



128 
 

 

enthalpy, G, to be negative, or conversely for the adsorption process to be spontaneous, 

the enthalpic term, H, in G = H –TS, must be negative enough to undo the unfavorable 

effect of the entropic term (–TS). In micropores, even an energy-neutral process could 

foot that bill, because (–TS)from micropores  0. This seems to be the case of CO2 adsorption 

inside micropores lined with, for example, phenoxides (surf–O–).46 In the case of open 

smooth surfaces, chemisorption ( or  bond formation) would be an obvious mechanism 

to overcome the large positive value of (–TS)in the open. In the present case here, for the first 

monolayer of water adsorption H  –5 kcal mol-1, and subsequently, H  –11 kcal mol-

1.  Therefore, G will remain <0, and (meso)pores will be filled until their size is such that 

–T(Ssur – Sin-meso) > |H | ( 11 kcal mol-1).  

 

 

Scheme 3. Water adsorption on open smooth surfaces (a), inside mesopores (b) and 
inside micropores (c). (Entropy of water molecules: Sout, in the open vapor phase; Sin-meso, 

in mesopores; Sin-micro, in micropores; Ssur, on the surface) 
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 And that brings us back to the case of -CDPU-2.5. In those materials the pore size 

distribution in the mesopore range is shifted to significantly larger values (42 nm) relative 

to the pore sizes in -CDPU-2.5 (17 nm) – see Figure 5. Furthermore, primary particles in 

-CDPU-2.5 were closely packed (the fractal dimension was equal to 3.00 ± 0.03 – see 

Table 1). Owing to the similarity of primary particle sizes of that material with everything 

else, the specific interstitial volume within closely packed primary particles in -CDPU-

2.5 will be about equal to the specific volume of -CDPU-15 and -CDPU-15, hence the 

water uptake amongst those materials will be about the same – and it is. Clearly then, the 

larger mesopores in -CDPU-2.5, always still within the mesopore range, are not small 

enough to contribute toward water adsorption in the spirit of Scheme 3.  

 Putting everything together, maximum water uptake will be observed with 

hydrophilic mesoporous materials consisting of fractal secondary particles with pore size 

distributions centered at about 20 nm or less.   

 

3. CONCLUSION 
 
 

The hydrophobic cavity in polyurethane aerogels incorporating - and -

cyclodextrin in every repeat unit did not seem to be involved in any extraordinary 

adsorption effects. However, the high degree of crosslinking imposed by the 

multifunctionality of cyclodextrins, together with the rigid-aromatic triisocyanate 

employed in this study (TIPM) has lead to an early phase separation of small nanoparticles 

that yielded nanostructures with high surface areas decorated with urethane groups that can 

develop hydrogen bonding with water. That initiated a cascade of events upon exposure to 
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a high-humidity (99%) environment, leading to exceptionally high water absorption 

capacities (up to 1 g of H20 per g of adsorber). Data show that water uptake from the humid 

environment continues until small mesopores are filled completely, whereas the cutoff for 

“small” is pores with size distribution maxima at 20 nm or less. Such mesopores are formed 

within mass fractal secondary particles. Most importantly, however, owing to the balance 

of the enthalpic and entropic factors of water adsorption in such pores, adsorbed water is 

released by just reducing the relative humidity of the environment.   

4. EXPERIMENTAL 

4.1. MATERIALS 

All reagents and solvents were used as received, unless noted otherwise. α- and β-

Cyclodextrins (≥ 97%), and dibutyltin dilaurate (DBTDL) were purchased from Sigma 

Aldrich Chemical Co. and were dried at 120 oC under vacuum for 24 h prior to use. 

Anhydrous N,N-dimethylformamide (DMF) was purchased from Alfa Aesar.  Tris(4-

isocyanatophenyl)methane (TIPM) was donated by Covestro LLC as a 27% w/w solution 

in dry EtOAc under the trade name Desmodur RE. Deuterated solvents, chloroform 

(CDCl3) and N,N-dimethylformamide-d7 (99.5% atom D) containing tetramethylsilane 

(0.05% v/v) were purchased from Cambridge Isotope Laboratories, Inc. 

  4.1.1. Synthesis of Cyclodextrin-based Polyurethane Aerogels. In a typical 

procedure, -cyclodextrin (0.5282 g, 0.000543 mol) was dissolved in anhydrous DMF and 

the solution was added to 4.44 g of Desmodur RE (containing 1.20 g, 0.00326 mol of TIPM 

in ethylacetate). The resulting sol was stirred at room temperature under N2 for 10 min. At 

that point, DBTDL (48 µL) was added, and the resulting sol was stirred for another 5 min. 
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Subsequently, the sol was poured into molds (Wheaton 4 mL Polypropylene Omni-Vials 

1.04 cm in inner diameter, Fisher part No. 225402), which were then sealed with their caps, 

wrapped with ParafilmTM, and were kept at room temperature for 12-16 h for gelation and 

aging. The total weight percent of monomers (TIPM + - or β-CD) in the sol was varied 

by changing the amount of solvent (DMF) and is denoted by extension -xx in the sample 

names, which are referred to as -(or -)CDPU-xx. “xx” was varied at two levels, 2.5% 

and 15% w/w. After aging, wet-gels were removed from the molds, washed with DMF (2, 

8h each time), acetone (4, 8h each time, using 4 the volume of the gel for each wash) 

and were dried in an autoclave with liquid CO2, which was removed as a supercritical fluid 

(SCF). Similarly, two formulations (xx = 2.5% w/w, or xx = 15% w/w) of -CDPU-xx 

were synthesized by reacting -cyclodextrin (0.5285 g, 0.000465 mol) and 4.44 g of 

Desmodur RE (containing 1.20 g, 0.00326 mol of TIPM) in the required amount of 

anhydrous DMF in the presence of DBTDL catalyst (48 µL, 0.0000815 mol).  All 

formulations and gelation times are given in Table S.1 of Appendix I in Supporting 

Information. 

4.2. METHODS 

 4.2.1. Drying with Supercritical Fluid (SCF) CO2. Drying of acetone-exchanged 

wet-gels with supercritical fluid (SCF) CO2 was carried out in an autoclave (SPIDRY 

Jumbo Supercritical Point Dryer, SPI Supplies, Inc. West Chester, PA). Samples were 

loaded into the autoclave and acetone was added till all samples were submerged. The 

pressure vessel was closed and liquid CO2 was allowed in at room temperature until it 

displaced all acetone, which was then drained out. Liquid CO2 was allowed in the vessel 

several more times until acetone was extracted out of the pores of the samples completely. 



132 
 

 

The criterion for the latter was that CO2 released from the vessel formed powder of dry ice. 

Finally, the temperature of the autoclave was raised to 40 oC and SCF CO2 was vented off 

like a gas. 

4.2.2. Physical Characterization. Bulk densities (ρb) were calculated from the 

weight and the physical dimensions of the samples. Skeletal densities (ρs) were determined 

with helium pycnometry using a Micromeritics AccuPyc II 1340 instrument.  

 4.2.3. Chemical Characterization. Elemental analysis was conducted with an 

Exeter Analytical Model CE440 elemental analyzer, calibrated with acetanilide, urea, and 

glycine. The combustion furnace was operated at 1050 °C. All calibration standards and 

samples were run three times and results are given as averages. 

 Infrared (IR) spectra were obtained in KBr pellets, using a Nicolet-FTIR Model 

750 spectrometer.  

 Liquid 13C-NMR spectra were recorded with a 400 MHz Varian Unity Inova NMR 

instrument (100 MHz carbon frequency). Solid-state CPTOSS 13C-NMR spectra were 

obtained from samples ground into fine powders on a Bruker Avance III 400 MHz 

spectrometer with a carbon frequency of 100 MHz, using a 7 mm Bruker MAS probe at a 

magic-angle spinning rate of 5 kHz, with broadband proton suppression and the CP TOSS 

pulse sequence for total suppression of side spinning bands. Solid-state 13C-NMR spectra 

were referenced externally to glycine (carbonyl carbon at 176.03 ppm). Chemical shifts are 

reported versus TMS (0 ppm). Solid-state CPMAS 15N-NMR spectra were also obtained 

on the same Bruker Avance III 400 MHz Spectrometer with a nitrogen frequency of 40.557 

MHz, using a 7 mm Bruker MAS probe, with broadband proton suppression and magic 

angle spinning rate of 5 kHz. Chemical shifts were reported versus liquid ammonia (0 ppm) 
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and were externally referenced to glycine (amine nitrogen at 33.40 ppm). In all solid-state 

NMR experiments the relaxation delay was set at 5 s. 

  X-ray photoelectron spectroscopic analysis (XPS) was carried out with a Kratos 

Axis 165 Photoelectron Spectroscopy System. Samples were mixed and ground together 

with Au powder (5% w/w) as internal reference. That was then pressed into a pellet for 

analysis. Each sample was placed on a piece of conductive carbon tape that was adhered 

to a stainless steel sample holder. Samples were introduced into the analysis chamber one 

at a time and the chamber was evacuated at 10−8 Torr or lower. No ion sputtering was 

performed on any of the samples. An Al monochromatic source (150 W) was used for 

excitation. A charge neutralizer was used to reduce the effects of differential or sample 

charging. The analysis area was 700 × 300 microns. Elemental quantification calculations 

were based on broad survey results from single sweeps at higher sensitivity (Pass energy = 

80) and were carried out with the Kratos Axis Vision processing software taking into 

consideration the appropriate relative sensitivity factors for the particular XPS system. 

High-resolution elemental scans where carried out at a lower sensitivity (Pass energy = 

20), using multiple sweeps to improve the signal-to-noise ratios. Deconvolution of the 

spectra was performed with Gaussian function fitting using the OriginPro 8.5.1 software 

package. 

 4.2.4. Solid Framework Characterization. Scanning electron microscopy (SEM) 

was conducted with Au-coated samples on a Hitachi Model S-4700 field-emission 

microscope.  

The fundamental building blocks of all aerogels were also probed with small angle 

X-ray scattering (SAXS), using 2 mm thick disks cut with a diamond saw. SAXS was 
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conducted with a PANalytical X’Pert Pro multipurpose diffractometer (MPD) configured 

for SAXS, using Cu Kα radiation (wavelength = 1.54 Å), a 1/32° SAXS slit, a 1/16° 

antiscatter slit on the incident beam side, and a 0.1 mm antiscatter slit together with a Ni 

0.125 mm automatic beam attenuator on the diffracted beam side. Samples were placed in 

circular holders between thin Mylar sheets, and scattering intensities were measured by 

running 20 scans from −0.1° to 5° with a point detector in the transmission geometry. All 

scattering data were reported in arbitrary units of scattering intensity as a function of Q, 

the momentum transferred during a scattering event. Scattering data (see Appendix III) 

were fitted to the Beaucage Unified Model,63,64 applied with the Irena SAS tool for 

modeling and analysis of small angle scattering within the Igor Pro application (a 

commercial scientific graphing, image processing, and data analysis software from Wave 

Metrics, Portland, OR). 

4.2.5. Gas and Water Vapor Sorption Analysis – Pore Structure 

Characterization. All samples were degassed at 150 °C for 24 h prior to each gas (N2, 

CO2, H2O) sorption study. Brunauer-Emmett-Teller (BET) surface areas, , pore volumes, 

average pore sizes and pore size distributions for pores in the 1.7-300 nm range were 

determined with N2-sorption porosimetry at 77 K using a Micromeritics ASAP 2020 

surface area and porosity analyzer. A Micromeritics Tristar II 3020 operated through the 

MicroActive software version 4.0 was used for pore structure analysis by CO2 sorption up 

to 760 torr (0.03 relative pressure) at 273 K (see Appendix II). Equilibrium water 

adsorption isotherms at 288 K and 298 K were outsourced at Micromeritics Particle Testing 

services.65    
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 4.2.6. Dynamic Water Vapor Adsorption Studies. Water uptake experiments 

were carried out using two closed chambers at room temperature as shown in Figure S.3 

of Appendix IV in Supporting Information. The two chambers were constructed with 

upside-down large Petri dishes (180 mm in diameter) covered with Al foil. The two 

chambers were maintained at 99% and 10% relative humidity for water adsorption and 

desorption, respectively. Humidity was monitored with two EEEKit 

Hygrometer/Thermometer Digital LCD monitors66 placed inside each chamber (see Figure 

S.3). The 99% relative humidity environment was created by water placed in a Petri dish 

(88 mm in diameter) inside the closed chamber. The 10% relative humidity environment 

was created with 30 g DrieriteTM placed in a similar Petri dish inside the other closed 

chamber. Fresh DrieriteTM was used for every desorption experiment. Samples were placed 

in plastic caps and their size varied from 50 to 400 mg. Before the first water uptake cycle, 

– or –CDPU-xx samples were degassed at 80 oC in a vacuum oven. (- and -CD 

powders were degassed at 130 oC.) Up to 10 consecutive cycles of water adsorption-

desorption were carried out, lasting 48 h each (allowing 24 h for adsorption and 24 h of 

desorption). The set-up was validated with three water adsorption-desorption cycles using 

DrieriteTM and silica gel found in bags used to keep several commercial products dry.  

 4.2.7. Calculation of Isosteric Heats of H2O Adsorption (Qst). Those were 

calculated via the Virial fitting method.67,68 For this, the H2O adsorption isotherms at 288 

K and 298 K were fitted simultaneously with a Virial-type equation (Eq 1) using the 

OriginPro 8.5.1 software package, where P is the pressure in Torr, 

                    (1) ln P  ln N  1

T
ai

i0

m

 N i  bi

i0

n

 N i
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N is the adsorbed amount of water in mmol g-1, T is the absolute temperature, ai and 

bi are the Virial coefficients, and m and n are the number of coefficients needed in order to 

fit the two isotherms. In general, Virial fitting starts by re-plotting the entire two adsorption 

isotherms at the two temperatures as Ln P/N vs N (see Figure S.5 of Appendix V in 

Supporting Information), and the two new isotherms are fitted simultaneously to Eq 1 using 

the least squares method; the values of m and n are varied gradually until the sum of the 

residuals (i.e., the squared deviations of the experimental Ln P/N values from the fitted 

ones) is minimized. The m and n values in our case were m = 5 and n = 2. At that point, 

with the values of m and n at hand, in order to estimate the ai and bi coefficients of Eq 1, 

the latter equation was re-fitted as described by Bandosz.69 According to that procedure, 

Eq 1 was fitted independently in six consecutive subsets of the data points along the two 

isotherms. The six subsets were chosen progressively with respect to N in a step-wise 

fashion as follows: The procedure started by fitting the experimental Ln P/N values within 

0 ≤ N ≤ 6.0. The upper limit (6 mmol g-1) was the value of N at the maximum point of Ln 

P/N. The values of the parameters ai were introduced into Eq 2 (R is the universal gas 

constant = 8.314 J mol-1 K-1), thus obtaining Qst (in kJ mol-1) as a function of N.  

       (2) 

The need to separate the Ln P/N vs N data (Eq 1) into subsets arises by the fact that after a 

certain value of N, the Qst values calculated via Eq 2 tend to decrease, even become 

negative (see Table S.5 in Appendix V of the Supporting Information). The Ln P/N vs N 

data after the N value at which the Qst values become negative (N>1.4) were rejected, and 

the remaining data points (0 ≤ N ≤ 1.4) comprise the first subset. Moving toward the second 

Qst  R ai

i0

m

 N i



137 
 

 

subset, the rejected part of the Ln P/N vs N data (1.4 < N ≤ 6.0) was fitted to Eq 1 again, 

and the data points above which the new Qst values became negative were rejected again 

(3.0 < N ≤ 6.0). The remaining data points (1.4 < N ≤ 3.0) and associated fitting coefficients 

comprised the second subset. The ranges of the six subsets that were used for Virial fitting 

of the entire isotherms, and for calculating the Qst values as a function of N are tabulated in 

Table S.4 of Appendix V in Supporting Information. The parameters ai and bi for all six 

subsets are given in Table S.5 of Appendix V in Supporting Information.  

 The heat of adsorption as coverage goes to zero, Q0, is given by Eq 3, and is a 

sensitive evaluator of the affinity of the adsorbate for the surface.70   

           (3) 
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Figure 1. (A) Top: Solid-state CPMAS 13C-NMR spectrum of a representative β-CDPU-
xx (xx = 15). Bottom: Broad-band 1H-decoupled liquid-state 13C-NMR spectra of TIPM 

and β-CD including the 13C-APT NMR spectra of TIPM and β-CD as indicated. (B) 
Solid-state CPMAS 15N-NMR of β-CDPU-15. 
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Figure 2. Infrared spectra of a representative β-CDPU-xx aerogel (xx = 15) and of β-

cyclodextrin monomer. Absorptions marked with dashed lines are discussed in the text. 
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Figure 3. Representative XPS data of samples as shown. 
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Figure 4. SEM of α- and β-CDPU-xx aerogels at two different magnifications as shown. 
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Figure 5. N2 sorption isotherms of: (A) α-CDPU-2.5 and α-CDPU-15 at 77 K; (B) β-
CDPU-2.5 and β-CDPU-15 at 77 K. Insets: pore size distributions via the BJH equation 

applied to the desorption branches of the isotherms. 
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Figure 6. Three consecutive cycles of dynamic water uptake monitored frequently 
between a high (99%) and a low (10%) relative humidity environment by: silica gel and 

DrieriteTM (A); α-CDPU-2.5 and α-CDPU-15 (B); and, β-CDPU-2.5 and β-CDPU-15 (C). 
Ten consecutive cycles of the four aerogels monitored every 24h (D). (In all cases, the 

environment was changed from high to low humidity and vice versa every 24 h. All 
percent water uptake values are relative to the initial weight of the samples before the 

first water uptake in a humid environment.)   
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Figure 7. (A) Isotherms of water adsorption by α-CDPU-2.5 at two temperatures (298 K 
and 288 K). (B) Isosteric heat of water adsorption (Qst) by α-CDPU-2.5 as a function of 
the water uptake, N. The dashed horizontal line in frame (B) shows the asymptotic value 

of Qst as N increases. 
 
 
 
 
 
 

 



145 
 

 

Appendix I: Formulations and gelation times of - and -CDPU-xx aerogels 
 

Table S.1. Formulations and gelation times of - and -CDPU-xx aerogels 
 

Sample 
α- or β-Cyclodextrin Desmodur RE  TIPM DMF Gelation 

time e 

(min) 
mass 
(g) 

volume a 
(mL) 

mmol 
C b 
(M) 

volume 
(mL) 

mass c 
(g) 

mass d 
(g) 

mmol 
C b 
(M) 

mass 
(g) 

volume 
(mL) 

α-CDPU-2.5 0.973 0.649 1.00 0.007 7.979 8.156 2.202 6.00 0.045 117.87 124.34 25 
β-CDPU-2.5 1.375 0.955 1.00 0.006 9.31 9.513 2.569 7.00 0.042 146.87 154.93 25 
α -CDPU-15 0.973 0.649 1.00 0.047 7.979 8.156 2.202 6.00 0.281 12.04 12.70 6 
β-CDPU-15 1.375 0.955 1.00 0.038 9.31 9.513 2.569 7.00 0.264 15.41 16.25 7 

 

a The volumes of α- and β-cyclodextrin were calculated based on their densities 1.49 g cm-3 and 1.44 g cm-3, respectively. 
b Molar concentrations refer to the sol. 
c The mass of commercial Desmodur RE was calculated based on its density 1.022 g cm-3 measured in our lab.  
d The mass of TIPM in Desmodur RE was calculated based on the 27% w/w concentration given by the supplier.  
e Phenomenological gelation times were determined at room temperature (23 oC). 
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Appendix II. CO2 and CH4 adsorption by - and -CDPU-xx aerogels 

 

 
Figure S.1. (A),(B): CO2 adsorption isotherms at 0 ˚C of aerogels as shown. Insets: pore 
size distributions by the DFT method. (C),(D): Dubinin-Rudushkevich (DR) plots from 
the data shown in frames (A) and (B), respectively. Pore volumes (VDR) were calculated 
from the intercepts by extrapolating the linear parts of the plots, and are cited in Table 2 

of the main article. (E),(F): CH4 adsorption isotherms at 0 ˚C by aerogels as shown. 
(Continued) 
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Figure S.1. (Continued) (A),(B): CO2 adsorption isotherms at 0 ˚C of aerogels as shown. 
Insets: pore size distributions by the DFT method. (C),(D): Dubinin-Rudushkevich (DR) 
plots from the data shown in frames (A) and (B), respectively. Pore volumes (VDR) were 
calculated from the intercepts by extrapolating the linear parts of the plots, and are cited 
in Table 2 of the main article. (E),(F): CH4 adsorption isotherms at 0 ˚C by aerogels as 

shown.  
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Appendix III. Small angle x-ray scattering (SAXS) data for - and -CDPU-xx aerogels 

 
 

 
 
 
Figure S.2. SAXS intensity profiles as a function of the scattering vector, Q, of α- and β-

CDPU-xx as shown. 
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Table S.2. SAXS data obtained by fitting the scattering profiles of Figure S.1 using the 
Beaucage Unified ModelS.R-1 

 

 

Referring to Figure S.2: 
a From power-law Region I.  
b Radius of gyration of primary particles, RG(I), from Region II (first Guinier knee).  
c Primary particle radii R1= (RG(I)/0.77).  
d From power-law Region III.  
e Radius of gyration of secondary particles, RG(II), from Region IV (second Guinier knee).  
f Secondary particle radii, R2 = (RG(II)/0.77).  
g Within our accessible range of Q, scattering profiles of - (or -)CDPU-15 aerogels could 

be fitted only with a high-Q power law and one Guinier knee.  
 
S.R-1 (a) Beaucage G (1995) J Appl Crystallogr 28:717–728.  
 (b) Beaucage G (1996) J Appl Crystallogr 29:134–146.  
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Appendix IV: Dynamic water adsorption - experimental set-up 

 

Figure S.3. Photographs of two closed chambers maintained at 99% and 10% humidity, 
respectively, as shown. The chambers were opened briefly for taking the samples out for 

weighing. 

 

 

 

Figure S.4. (A) Increasing relative humidity with time in a closed chamber with a Petri 
dish with water. (B) Decreasing relative humidity with time in a closed chamber with a 

Petri dish with DrieriteTM. 
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Table S.3.  Tabulated percent mass changes after three 24h-cycles of water vapor 
adsorption-desorption by materials as shown. The mass changes are relative to the masses 

before the adsorption-desorption experiments started. 
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Appendix IV. Isosteric heats (Qst) of water adsorption by -CDPU-2.5 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure S.5. Water adsorption isotherms of -CDPU-2.5 at two different temperatures 

(red: 288 K; blue: 298 K). The two isotherms were fitted simultaneously using a Virial 
equation (refer to Equation 1 of the main article) for calculating the isosteric heats of 
adsorption, Qst, as a function of water uptake, N. (Fitting was carried out in a stepwise 

fashion by diving the isotherms in six subsets as described in the Experimental Section.) 
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Table S.4. Six subsets (derived as shown in Table S.5) of the isotherms of Figure S.5, 
which were used for the Virial fitting, and for calculation of the isosteric heats of water 

adsorption (Qst) by -CDPU-2.5. 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Subset 

 

Range of N (mmol g-1) 
for Virial fitting 

 

Range of N (mmol g-1) 
for calculating Qst  

in the corresponding 
regions 

 

Region 1 0.0 – 6.0 0.0 – 1.4 

Region 2 1.4 – 6.0 1.4 – 3.0 

Region 3 3.0 – 6.0 3.0 – 4.0 

Region 4 4.0 – 6.0 4.0 – 5.0 

Region 5 5.0 – 7.0 5.0 – 6.0 

Region 6 6.0 – 14.4 6.0 – 14.4 
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Table S.5. Stepwise Virial fitting of the isotherms of Figure S.5. Qst was first calculated 
in the entire region of N shown in each frame. Points outside the red dashed lines were 
rejected. Then moved to the rejected range of N and the process was repeated. The end 

Virial coefficients correspond to the range of N as indicated. (No. of terms used in Virial 
fitting: m = 5, n = 2) 
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Table S.5. (continued from last page) 
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SECTION 

2. CONCLUSIONS 

Sturdy, highly porous ceramic (SiC and Si3N4) and metallic (Co(0)) aerogels were 

synthesized carbothermally from xerogel powder compacts. Thus, the supercritical fluid 

drying, a common step in the preparation of aerogels, was bypassed making the overall 

process cost-effective. Also, the handling of powders instead of monoliths allowed faster 

solvent exchanges (time-efficient process) and an easy way to cast those aerogels in various 

shapes and sizes. Finally, polyurethane aerogels based on - and -cyclodextrins were 

synthesized and examined as desiccants.   

In Paper I, SiC and Si3N4 aerogels were made from the same precursor (polymer-

crosslinked APTES@TMOS xerogel powder) by two parallel processes under different 

pyrolysis conditions. Aerogels obtained from xerogels were beneficial for the formation of 

ceramics based on the topology of the reaction (at the SiC/SiO2 interface). That synthetic 

design is not only cost- and time-effective but also materials-efficient i.e. a little over 

stoichiometric carbon was sufficient to obtain pure ceramic aerogels. The ceramic aerogels 

fabricated by the proposed methodology were very light-weight, highly porous (>80% v/v) 

and thermally stable up to about 1000 °C both under N2 and O2 environments. Due to their 

porous structure, those materials were very good thermal insulators in contrast to the bulk 

materials available in the market.  The mechanical behavior of SiC and Si3N4 was found to 

be different, which was attributed to their different morphologies and sensitivity towards 

change in bulk density.  
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In Paper II, taking advantage of the generalizability of the proposed method in 

Paper I, the cobaltia system, which resists or takes time to gel, was diverted to the xerogel 

powder route to make Co(0) aerogels. Those pure metallic aerogels possessing about 70% 

v/v porosity, were filled with LiClO4 to make monolithic thermites. They were ignited with 

a hot nichrome wire and the highest temperature reached during the thermite reaction was 

1515 °C. It was found that the pore structure plays an important role in keeping the 

perchlorate intact within the Co(0) network during ignition. Co(0) that was made by 

pyrolysis at 800 °C had larger pores compared to the one that was made at 900 °C, due to 

sintering at higher temperature. That small change makes the morphology and pore 

structure of cobalt aerogels suitable as thermites. 

In paper III, the polyol functionality of - and -cyclodextrins was reacted with a 

rigid-aromatic triisocyanate to form hierarchical structures referred to as - and -CDPU-

xx aerogels. Those aerogels were examined as desiccants for ten cycles and were 

regenerated at room temperature by just reducing the relative humidity of the environment. 

In general, -CDPU-2.5 showed the highest water adsorption capacity. That can be 

explained on the basis of its highest surface area and porosity, which makes the hydrophilic 

sites readily available for water. Moreover, water adsorption does not only depend on the 

hydrophilicity of the sample, but also on the extent of water-water interactions. -CDPU-

2.5 has the highest pore volume which allows water to get adsorbed in a multilayer fashion, 

which is also confirmed from the isosteric heats of water adsorption leading to very high 

water uptake (108% w/w). Also, due to the balance of the enthalpic and entropic factors of 

water adsorption in mesopores with pore sizes at about 20 nm or less, adsorbed water is 

released by reducing the relative humidity of the environment. 
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APPENDIX  

RELATIVE GAS ADSORPTION STUDY ON - and -CDPU-xx AEROGELS 

1. CARBON DIOXIDE CAPTURE BY CDPU AEROGELS 
 
  Micromeritics Tristar II 3020 version 3.02 was utilized for a relative adsorption 

study for N2, CH4, H2, and CO2 up to 760 torr (0.03 relative pressure) at 273 K and 298 K.  

The highest CO2 sorption was obtained at 273 K and 1 bar from the lowest density 

aerogels,-CDPU-2.5 and -CDPU-2.5, at 8.8 % w/w and 6.0 % w/w, respectively (Figure 

1A). Those values are comparable to those reported from several porous polymers 

including conjugated microporous polymers CMP-1-(CH3)2 (7.2 % w/w)1, porous polymer 

network PPN-6-SO3Li (5.4 % w/w)2 and NUTs (8.2 – 2.7 % w/w)3, covalent organic 

frameworks COF-103 (7.4 % w/w),4,5 metal organic frameworks (MOFs) ZIF-79 (6.4 % 

w/w),6 and nanoporous amide networks NAN-2 (6.5 % w/w).7 The CO2 sorption capacity 

of CDPU aerogels decreased with decreasing surface area and porosity and dropped to 4.1 

% w/w and 3.6 % w/w for -CDPU-15 and -CDPU-15, respectively (Table 1). The causes 

for those trends were investigated by measuring isosteric heats of CO2 adsorption (Qst) for 

all materials of this study using the Virial fitting method (described below). Thus, based 

on the amount of CO2 uptake at 273 K and 298 K, the zero-coverage isosteric enthalpies 

of CO2 adsorption, Qo, were found equal to 35, 33, 28 and 23 kJ.mol-1 for -CDPU-2.5, -

CDPU-2.5, -CDPU-15 and -CDPU-15, respectively (Table 1, Figure 1B). 

During physisorption, the energy of adsorption is appreciably enhanced when it 

takes place in vary narrow pores.8 Thus, the decreasing trend of Qo with increasing density 

of the CDPU aerogels is attributed to the decreasing micropore area (Table 1). In that 
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regard, both - and -CDPU-2.5 include practically the same micropore area. That 

combined with the fact that the two materials have very close Qo values, points to an initial 

indiscriminate surface adsorption of CO2 in the micropore. However, the amounts of CO2 

adsorbed by the two materials at 1 bar differ significantly. Thereby, once micropores have 

taken a monolayer coverage of CO2 other factors begin to become important. As monolayer 

adsorption approaches completion, with further increase in relative pressure, multilayer 

adsorption takes place due to lateral interactions of CO2 molecules. At this stage, the extent 

of multilayer formation depends on the available pore volumes. -CDPU-2.5 possesses the 

highest micropore volume (Table 2, paper III), thereby multilayer adsorption of CO2 is 

expected to be enhanced,, a fact which is supported by the increasing Qst vs coverage plot, 

leading to the highest overall CO2 uptake. A noticeable decreasing trend of Qst with the 

adsorbed amount of CO2 for -CDPU-15 and -CDPU-15 (Figure 1C) is consistent with 

the decrease in their micropore volumes. It suggests that the adsorption of CO2 by those 

samples occurs due to interactions of the polarizable CO2 molecules with the active sites 

of CDPU (monolayer adsorption) rather than the gas-gas interaction and aggregation of the 

CO2 molecules themselves (multilayer adsorption).  

In addition to the high CO2 uptake, the selectivity for CO2 over other adsorbates 

(N2, H2 and CH4) is equally crucial from the practical application perspective. Selectivity 

for one gas over another was evaluated from the ratios of the Henry’s law constants, KH, 

for the gases under consideration. The KH values were obtained from the slopes of the 

linear parts of the isotherms of Figure 1C at low pressures (<0.1 bar). High CO2/N2 

selectivity is one of the essential aspects for post-combustion CO2 capture. The CO2/N2 

selectivity values for CDPUs were in the range of 50:1 to 67:1 at 273 K and 1 bar, 
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comparable to that of other existing materials such as nanoporous amide networks NANs 

(57:1 to 74:1),9 and porous, electron-rich covalent organonitridic frameworks PECONFs 

(51:1 to 83:1).10 Similarly, the CO2/H2 pair showed significantly high selectivity in the 

range of 63:1 to 281:1. However, -CDPU-2.5 showed the highest selectivity for CO2 over 

CH4 (10:1). Selectivity data for all CDPU samples are shown in Table 1 and Figure 1D.  

2. CALCULATION OF ISOSTERIC HEATS OF CO2 ADSORPTION (Qst) 

  They were calculated via the Virial method.11 For this, the CO2 adsorption 

isotherms at 273 K and 298 K were fitted simultaneously with a Virial-type equation (Eq 

1) using the OriginPro 8.5.1 software package.  

                    (1) 

(P is pressure in Torr, N is the adsorbed amount in mmol g-1, T is the absolute temperature, 

ai and bi are the Virial coefficients, and m and n are the number of coefficients needed in 

order to fit the isotherms adequetly.) Using the least squares method, the values of m and 

n were gradually increased until the sum of the squared deviations of the experimental 

points from the fitted isotherm was minimized. m = 5 and n = 2 are used for all CDPU 

samples. The values of ao to am were introduced into Eq 2 and isosteric heats of adsorption 

(Qst) were calculated as a function of the surface coverage (N). 

                    (2) 

(R is the universal gas constant of (8.314 J mol-1 K-1) and Qst is given in kJ mol-1.) The 

common term in Eq 5 for all N, Q0, corresponds to i = 0 and is given by Eq 3.  

           (3) 

Q0 is the heat of adsorption as coverage goes to zero, and is a sensitive evaluator of the 

affinity of the adsorbate for the surface.12 

ln P  ln N  1

T
ai

i0

m

 N i  bi

i0

n

 N i

Qst  R ai

i0

m

 N i
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3. CALCULATION OF ADSORPTION SELECTIVITIES 

The gas sorption selectivities were calculated with Henry’s law: C = KH × p, where 

C = concentration (mmol g−1) in phase I; p = pressure (bar) in phase II; kH = Henry’s law 

constant (mmol g−1 bar−1),13 from the ratios of the low-pressure slopes (<0.1 bar) of the 

corresponding isotherms.14,15 
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Table 1. Gas sorption capacities, isosteric heats of CO2 adsorption and selectivity data of CDPU aerogels 

       *calculated from the Henery’s low constant, obtained from the low-pressure slopes of the corresponding isotherms.
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Figure 1. A. CO2 sorption isotherms of α- and β-CDPU-xx at 273 K. B. Isosteric heats of 
CO2 adsorption calculated via virial method for α- and β-CDPU-xx at 273 K. C. 

Adsorption isotherms at 273 K up to 1.1 bar of the four gases. (Note that isotherms 
cluster closely together at each xx level for N2 and H2, and all isotherms might not be 

visible.) D. Comparisons of Gas Selectivity by α- and β-CDPU-xx. 
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